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In the first part, an efficient (hetero)arylation of ortho-C–H bonds of the benzene ring of             
2-arylpyrimidines is achieved by Ru(II)–carboxylate-catalyzed reaction with (hetero)aryl 
bromides in water under microwave irradiation. This ''green'' methodology provides a series of 
polyconjugated pyrimidines with high site-selectivity. As established from Hammett plots, 
electron-withdrawing groups on phenyl ring of the pyrimidine substrates facilitate the arylation, 
while both electron-withdrawing and electron-donating groups on the aryl bromides assure a 
faster reaction. Applicability of heteroaryl-pyrimidines was demonstrated by their ligation to 
ruthenium or palladium center. 
In the second part, a series of hexa(heteroaryl)benzenes were synthesized by the                        
Ru(II)–carboxylate-catalyzed multiple C–H activation of benzenes carrying pyridyl, pyrimidyl, 
or pyrazolyl directing groups using N-heteroaryl bromides as coupling partners. The reactions 
proceeded with high selectivity under microwave irradiation in water. Iterative penta-arylation 
could be implemented via sequential activation of C–H bonds of generated intermediates by 
cascade chelation assistance of in situ installed pyridyl groups.  
In the third part, the preliminary study on N-pyridylpyridin-2-one formation from substituted 
2-bromopyridines was obtained. The pyridones were formed in the presence of Ru(II)-pivalate-
Na2CO3 catalytic system. The study suggested that oxygen for 2-pyridone formation comes 
from pivalate which is regenerated with carbonate during the catalytic cycle.   
In the fourth part, the synthesized multiheteroaryl-substituted benzenes were used as ligands 
in coordination to selected transition metals (Ru, Pd and Ag) to obtain multinuclear complexes. 
Novel seven-membered bidentate Ru(II) complexes with one or two metal centres were 
prepared. The strategy was also employed in coordination of two Pd(II) and two Pt(II) cations 
as well as mixed Ru(II)-Pd(II) and Ru(II)-Pt(II) complexes. The poly(hetero)arylated benzenes 
were further used as ligands in coordination with Ag(I) ions, to obtain tetra- and pentanuclear 
complexes. The Ag(I) ions are in square or pentagon orientation, with F- ion in the centre of 
complex, between two hexa-coordinating ligands. 
 
Keywords: ruthenium, water, hexaheteroarylbenzene, pyridones, microwaves, complexes 
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1. General Introduction 
A mandatory step in modern organic chemistry is the formation of C−C as well as C−X bonds     
(X = heteroatom). This kind of chemical transformation is essential for the construction of 
complex molecules with unique activities (pharmacological, biological, agrochemical, etc.). 
However, with classical organic transformations, such type of molecules with high complexity 
cannot be achieved easily. Therefore, a multi-step synthesis is required, which dramatically 
decreases the synthetic efficiency of the transformation. For this reason, it is important to 
develop new synthetic methods to achieve high regio- and stereoselectivity.  
A significant breakthrough has been achieved in the last few decades with cross-coupling 
reactions. Since 1972, the use of transition metal catalysts, such as nickel, palladium, rhodium, 
etc. have changed the paradigm of C–C bond formation. This can now be achieved in catalytic 
reactions of aryl pseudohalides with organometallic reagents such as Tamao-Kumada-Corriu 
coupling (M = MgX),1,2 Negishi coupling (M = ZnX),3 Sonagashira coupling,4 Stille coupling 
(M SnR3)5 and Suzuki coupling (M = BR3)6 reaction (Scheme 1). The importance of               
cross-coupling transformations and their employment as a chemical tool was recognised by the 
2010 Nobel Prize in chemistry awarded to R. F. Heck, E. Negishi and A. Suzuki.7  
 
Scheme 1: A general scheme for cross-coupling reactions. 
However, there are certain drawbacks to these coupling reactions. Firstly, transition metals 
used in the reactions are usually high in cost,8 and secondly, the coupling partners need to be 
prefunctionalised prior to the reaction, which requires additional number of transformation 
steps, that presents a significant issue in waste production and atom efficiency. On the other 
hand, direct C–H functionalisation using a directing groups to dictate the regioselectivety of the 
reaction (Scheme 2, pathway b) can efficiently replace the classic cross-coupling reactions. 
Such methods have shown to be beneficial even if they employ the use of transition metals. 
Because the method relies on the direct breakage of the C–H bond, no prefunctionalisation of 
substrate is needed, which also has an impact on the reduction of waste. 
Different transition metal complexes promote C–C bond formation via direct C–H 
functionalisation under mild reaction conditions. Initial study of C–H functionalisation 
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reacrtions were focused on palladium and rhodium complexes as potential catalysts, but 
eventually other transition metals proved to be equally as effective in such transformations. For 
example: Ni, Co, Fe, etc. Today, among the most widely used catalysts are ruthenium-based 
complexes, due to their substantially low cost and high stability towards air and moisture. 
Therefore, ruthenium serves as an attractive option for organic transformations via C–H 
activation reaction.   
 
Scheme 2. Different pathways of metal-catalysed C–C cross-coupling reactions. 
There are many different pathways of transition metal-catalysed C–C cross-coupling reactions 
(Scheme 2):  
i) reaction of halide or pseudohalide with a C–H bond (pathway b), 
ii) dehydrogenative oxidative coupling between two C–H bonds (pathway c) in the 
presence of an oxidant, 
iii) coupling of a nucleophilic organometallic reagents with a C–H bond (pathway d) in 
the presence of an oxidant. 
The first C–H bond activation reaction was presented by Otto Dimroth in 1902. He reported 
the reaction between benzene and mercury(II) acetate. Joseph Chatt performed the first C–H 
bond activation with the insertion of ruthenium(0) into the naphthalene C–H bond yielding a 
stable organoruthenium complex. However, the first catalytic C–C cross-coupling reaction 
which proceeded via C–H activation was presented in 1955 by Shunsuke Murahashi. He 
reported a Co2(CO)8-catalysed cyclocarbonylation reaction of aromatic imines under the high 
pressure of CO gas at elevated temperature (Scheme 3).9 This pioneering example represents 
one of the first examples of chelation-assisted ortho-C–H bond functionalisation, although it 
did not receive much attention at that time. 
 





Scheme 3: The first example of catalytic imine directed ortho-C–H bond functionalisation.9 
In this area, a nucleophile is a molecule with a formal lone electron pair. The nucleophile can 
donate these two electrons to its reaction partner, which is called an electrophile, to form a new 
C–C σ-bond. Alternatively, two nucleophiles can couple during organometallic catalysis but in 
the presence of an oxidant (oxidative coupling). The nucleophile is an electron-rich molecule, 
containing lone electron pair or a polarised bond. In line with this, the C–H bond can be 
described as a nucleophile because the electronegativity of the carbon is higher than that of 
hydrogen. The Ru-catalysed C–H bond arylation can be characterised as redox-neutral                
cross-coupling reaction. In such type of reactions, aryl halides are often used as electrophile 
which acts as an endogenous oxidant. In scheme 4 there is a representation of a proposed general 
mechanism of ta Rucatalysed C–H bond activation reaction. Scheme 4The first step is insertion 
of the Ru(II) species A and consenquently cleavage of the C–H bond in the selected substrate. 
This forms aryl intermediate B after which oxidative addition with of halide is followed to 
generate Ru(IV) intermediate C. The catalytic cycle is concluded with the reductive elimination 
step, which generates a newly formed C–C bond and finally regenerates active catalytic species 
A. 
 
Scheme 4: General mechanism of Ru-catalysed C–H bond arylation. 
1.1 Directing Groups 
The use of directing groups (DGs) in catalytic C–H bond activation/functionalisation has 
increased drastically in the last few decades. Almost every group, which has a hetero atom and 
can coordinate to the transition metal, has the potential to direct a C–H bond activation reaction. 
As mentioned before direct C–H bond functionalisation is a powerful tool in organic synthesis. 
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A simple starting material can be transformed into a more complex compound by direct C–H 
bond functionalisation in an overall more efficient way than by classical organic synthesis. This 
is the reason, which has led to many breakthroughs in the field of the transition metal catalysis 
through the activation of C–H bond by metal insertion. The most crucial role of a DG is its 
ability to coordinate the transition metal which enables site-selective C–H bond cleavage 
control resulting in high regioselective reactions (Scheme 5). 
 
Scheme 5: A metal-catalysed site-selective C–H bond cleavage controlled by a directing group.  
It is to be note, that the use of DG in a C–H bond functionalisation reaction commonly proceeds 
as an ortho-selective reaction. Moreover, the use of a DG introduces additional synthetic steps 
to install the DG as well as its removal after the C–H bond functionalisation step. Consequently, 
many transformations and DGs, which are easy to modify or remove, have been developed.  
The first example of an efficient ortho-selective transformation of aromatic ketones with 
olefines in the presence of a ruthenium catalyst (Scheme 6) was reported by Murai and 
coworkers in 1993.10 After the coordination with a corresponding ketone, ruthenium inserts into 
the ortho-C(sp2)–H bond in a highly site-selective way, which leads to a five-membered Ru(0) 
metallacycle intermediate. This discovery of DGs efficiency has rapidly accelerated the 
development of new approaches in the C–H bond functionalisation reaction by using the 
chelation-assisted C–H bond activation strategy.11–21 
 
Scheme 6: The Ru-catalysed reaction of aromatic ketones with olefins, showing the cyclometallated 
intermediate. 
Palladium22–28 and rhodium29–33 catalysts had strongly contributed to the development of C–C 
bond cross-coupling reactions under the mild conditions.The pioneer discoveries of ruthenium 
catalysed direct arylation were made by Oi and Inoue un 2001,34,35 by using a stable and easy 
to prepare Ru(II)-catalyst they managed to directly mono and/or diarylate 2-phenylpyridine. 




Ruthenium(II)-catalysed arylation, heteroarylation, even alkylation of different sp2 C–H bonds 
were performed by Ackerman in 200536,37 and Dixneuf in 2008.38 The significant advantage of 
ruthenium(II) catalysts for the C–H bond functionalisation lies on the easy formation of a 
cyclometalated intermediate by coordination on the directing group followed by C–H bond 
deprotonation by a ligand or an external base.39 On the other hand, some ruthenium(II) catalysts 
are also stable in water and therefore suitable to perform such reactions in this green solvent.40,41 
1.2 The Ru(II)-Catalyzed C–H Bond (Hetero)arylation Directed by Nitrogen-
Containing Heterocycles 
1.2.1 The First Examples of the (Hetero)arylation   
In 2001, Oi and Inoue showed the first example of the ortho-arylation of phenylpyridine with 
phenyl bromide in the presence of the ruthenium(II) catalyst [RuCl2(benzene)]2 and PPh3 as the 
selected ligand.34 The reaction was performed in 2-methylpyrolidinone (NMP) (Scheme 7) with 
good ortho-selectivity. A similar catalytic reactivity was achieved with RuCl2(PPh3)3 in the 
reaction with different (pseudo)arylhalides for which the reactivity corresponded to the 
following sequence: PhBr > PhI > PhOTf >> PhCl (bromobenzene being the most reactive, 
oppose to chlorobenzene as almost inreactive). Moreover, they also showed that selected 
Ru(II)-catalyst promotes direct ortho-heteroarylation of 2-phenylpyridine and                                           
2-phenyloxazoline with thiophenyl-, furanyl- and thiazolylbromides,42 as well as the                        
ortho-arylation of 2-arylderivatives of oxazoline,43 imidazole and thiazole.44   
    
Scheme 7: The first example of Ru(II)-catalysed ortho-C–H bond arylation. 
In 2005, Ackermann reported an effective ruthenium(II)-catalysed C–H bond arylation of             
2-phenylpyridine with less reactive aryl chlorides. The addition of phosphine oxide R2P(O)H 
such as (adamantyl)2P(O)H (Ad2P(O)H) was crucial for achiving the desired products in good 
yields (Scheme 8). This catalytic system can also be applied for the monoarylation with aryl 
chlorides of ketimines after which acid hydrolysis leads to arylated ketones.36      
6                          General Introduction 
    
 
Scheme 8: The Ru(II)-catalysed arylation with aryl chlorides. 
In contrast to Ackermann work, Özdemir and co-workers used N-heterocyclic carbenes 
(NHCs) ligands instead of phosphines. The RuCl2(NHC)(p-cymene) catalysts were generated 
in situ from [RuCl2(p-cymene)]2, pyrimidinium salts and carbonate as a base (Scheme 9).38 
 
Scheme 9: The use of Ru(II)/NHC catalytic system in C–H bond arylation of 2-phenylpyridine. 
1.2.2 The Effect of Carboxylate on the Direct Arylation of C(sp2)–H Bonds 
The employment of the carbonate and acetate anion can increase the efficiency of a 
ruthenium(II) catalytic system compared to phosphine or NHC ligands and consequently show 
beneficial results on the C–H bond functionalisation reaction. If the catalytic arylation of               
2-phenylpyridine was performed in combination of [RuCl2(p-cymene)]2 with K2CO3 and 
KOAc, it reached complete conversion of 2-phenylpyridine to the desired ortho-arylated 
product in a short period of time.45 
According to this study, the arylation of 2-phenylpyridine with PhBr in the presence of 
imidazolium salt NHC-H+Cl- obtained full conversion to the diarylated product after 10 h at 
120 °C.45,46 However, if the reaction was performed with a less reactive organo halide (PhCl) 
in the presence of K2CO3 (3 equiv.) without the addition of phosphine or a NHC ligand, the 
quantitative conversion was reached in NMP at 120 °C in only 2 h. Moreover, K2CO3 alone 
promotes the process of C–H deprotonation more effectively than other ligands such as 
phosphine, R2P(O)H and even NHC.38 After screening the optimised reaction condition were 
established as only 10 mol% of KOAc with 3 equiv. of K2CO3, led to the complete conversion 




of 2-phenylpyridine and selectively to the diarylated product in 1 h at 120 °C. In this case, the 
[RuCl2(p-cymene)]2 and KOAc in situ form the active catalytic species Ru(OAc)2(p-cymene) 
which plays a crucial role in the reaction of the ortho-C–H bond functionalisation with less 
reactive PhCl.45,47   
 
Scheme 10: The influence of NHC, carbonate and KOAc on the arylation of 2-phenypyridine. 
Both complexes, the one which is formed in situ and the isolated one showed almost the same 
catalytic activity. However, in situ prepared Ru(OAc)2(p-cymene) was preferentially used in 
the preparation of different polyheterocyclic compounds such as tris-1,2,3-
(heteroaryl)benzenes (Scheme 11).45 The reaction also proceeds in diethyl carbonate as an 
environmentally more acceptable solvent, thus the reaction is slower than in NMP.47 
 
Scheme 11: Examples of C–H bond heteroarylation of 2-phenylpyridine. 
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Scheme 12: Examples of carboxylic acid benefits. 
In 2008, Ackermann and co-workers published an article standing the benefits of addings 30 
mol% addition of a carboxylic acid MesCOOH to the catalytic system                                          
[RuCl2(p-cymene)]2/K2CO. This catalytic system is not effective only for the selective arylation 
of phenyl 1,2,3-triazoles with aryl bromides but also for the (hetero)arylation of aryl-oxazolines 
and -alkenes with (hetero)aryl chlorides. The catalytic reaction proceeds via ruthenium 
catalysed concerted metalation and deprotonation process (CMD) of the ortho-C–H bond on 
the benzene ring of the heterocyclic substrate (Scheme 12).48   
 
Scheme 13: The selective ortho-arylation of phenyl 1,2,3-triazole. 
The same research group have also presented a series of arylation reaction of phenyl 1,2,3-
triazoles with aryl chlorides, but the reaction required more harsh conditions, 120–135 °C for 
20 h. Instead of the carboxylic acid as the additive, they used 10 mol% of PCy3 as the ligand. 
Moreover, if they used aryl bromide as the coupling partner, they selectively obtained diarylated 
products under otherwise identical reaction condition (Scheme 13).49     




In 2010, Ackermann and co-workers reported another chemoselective ruthenium-catalyzed  
C–H bond functionalisation reaction of triazol-4-yl-substituted arenes with aryl halides. They 
introduced a new catalytic system with MesCOOH, which can be used on the broad range of 
substrates and arylating agents. The direct functionalization took place selectively at the less 
sterically hindered C–H bond. The arylation of triazolyl-arenes with aryl halides were 
performed in the presence of a Ru(II)-catalyst on combination with MesCOOH in toluene as a 
chosen solvent at 120 °C (Scheme 14).50  
 
Scheme 14: Chemoselective arylation of triazol-4-yl-substituted arenes. 
In the presence of ortho-substituted aryl halides (ortho-trifluoromethylchlorobenzene) the 
reaction proceeds via oxidative homocoupling, where aryl halide acts as an oxidant. The 
reaction take place on the arene ortho position of the pyridyl-, pyrazolyl- or triazolylbenzenes 
(Scheme 15).50 
 
Scheme 15: An example of oxidative homocoupling of heteroarylbenzenes. 
On the other hand, a well-defined Ru(O2CMes)2(p-cymene) catalyst showed high activity in 
the reaction of the ortho-mono(hetero)arylation of arenes containing nitrogen heterocycles as 
the directing group, such as pyridine, oxazoline, pyrazole, benzoquinoline, etc. The mechanistic 
study showed the reversibility of the C–H bond metalation process. Competitive experiments 
with the Ru(O2CMes)2(p-cymene) catalyst revealed that electron-deficient aryl halides are more 
reactive due to the more accessible oxidative addition in the catalytic cycle. Interestingly, aryl 
chlorides proved to be more reactive than aryl bromides regardless of the solvent polarity 
(Scheme 16).51      
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Scheme 16: (Hetero)arylation of N-containing substrates in the presence of the Ru(O2CMes)2(p-cymene) 
catalyst. 
Ackermann and co-workers also presented a C–H activation/functionalisation methodology of 
five-membered heterocycles such as 1-(pyrimidin-2-yl)-1H-indole, 3-(pyridin-2-yl)pyrole and 
3-(pyridin-2-yl)thiophene. They reported a broad scope of selective C-2 arylation of 
pyrimidylindoles in the presence of a [RuCl2(p-cymene)]2/AdCOOH catalytic system in xylene 
at 120 °C (Scheme 17). Moreover, the pyrimidine directing group can be easily removed with 
NaOEt in DMSO to achieve free (NH)-indoles.52  
Scheme 17: C–H functionalisation of the substituted indoles. 
The same reaction condition were used for regioselective arylation of unprotected pyrrole and 
thiophene with aryl bromide at the C-2 position and thiophene containing a pyridine ring as a 
directing group (Scheme 18).52  
 
Scheme 18: The C2–H functionalisation of pyrrole and thiophene. 
In 2011 Požgan and co-workers described the benefits of sterically more hindered carboxylic 
acid, such as 1-phenyl-1-cyclopentanecarboxylic acid (PCCA), on the ruthenium(II) catalysed 
C–H bond functionalisation of phenylpyrimidines. The ortho mono- and diarylation of 2- and 
4-phenylpyrimidine with aryl halides at 150 °C in 1,4-dioxane were presented. Under these 




conditions, the reaction also proceeded with 2-bromothiophene and 3-bromopyridine. This 
report was the first example of a high-yielding, catalytic functionalisation of phenyl-substituted 
pyrimidine by the ortho-directed (hetero)arylation catalysed by a Ru(II) species (Scheme 19).53 
Scheme 19: (Hetero)arylation of 4-phenylpyrimidine. 
The continuous search for novel and more efficient ruthenium catalysts led to the development 
pf a stable ruthenium(IV) catalytic system, [RuH(codyl)2]BF4. This ruthenium(IV) pre-catalyst 
undergoes in situ deprotonation in the presence of the base and forms a catalytically active 
Ru(II) species. Also, in this case, the carboxylic salt KOAc, KOPiv and potassium phthalimide 
(KPI) play a crucial role in the ortho diarylation of 2-phenylpyridine with chlorobenzene giving 
the corresponding products in only 2 h at 120 °C in NMP. Depending on the arylation agent, 
different carboxylates can be used to achieve high conversion. When chlorobenzene was used, 
the KPI promoted the most efficient transformation (Scheme 20). On the other hand, in the case 
of 2-chlorotoluene, 2-chlorothiophene and 6-methyl-2-bromopyridine the best yields were 
obtained with KOAc in NMP.54  
Scheme 20: C–H functionalisation with the Ru(VI) pre-catalyst. 
   All ortho (hetero)arylation examples, mentioned above show the great synergy between 
simple ruthenium(II) catalyst, a carboxylate as the co-catalyst and carbonate as the chosen base 
in the reaction of the ortho-C(sp2)–H bond functionalisation. These catalytic systems are 
excellent for direct arylation of arenes containing a nitrogen atom in the directing group.54  
In 2014, Chatani and co-workers studied a C–H bond functionalisation reaction of 3-methyl-
2-phenylpyridine with Ar2IOTf as the coupling agent. [Ru(OAc)2(p-cymene)] was used as the 
catalyst together with K2CO3 as a base. The reaction was performed in toluene or AcOH at           
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80 °C for 18 h to give 95% and 82% of the monoarylated product, respectively. Due to the steric 
effect the methyl group disables the formation of the coplanar structure of benzene and pyridine 
ring which is crucial for C–H bond cleavage (Scheme 21).55 
 
Scheme 21: The selective mono-ortho-arylation of 3-methyl-2-phenylpyridine. 
Moreover, they have also shown the comparison in reactivities between the Ar12IOTf and Ar2I 
as the arylating agents. These experiments showed that Ar2IOTf is a privileged arylation reagent 
in this type of C–H bond functionalisation as PhI did not react at all or decomposed during the 
reaction (Scheme 22).55 
 
Scheme 22: The comparison in the reactivity of (Ar1)2IOTf to Ar2I in the direct arylation reaction of 2-
phenylpyridine derivatives.  
The benefits of sterically demanding carboxylic acids were presented in 2015 by Gadhi and 
co-workers.56 Their model reaction for the optimisation was C–H bond arylation of 1-phenyl-
β-carboline with phenyl bromide. In the presence of [RuCl2(p-cymene)]2 as the catalyst and 
K2CO3 as the base in NMP the reaction proceeded at 120 °C for 20 h. As a part of the 
optimisation process, different carboxylic acids such as pivalic acid, benzoic acid, mesitylene 
carboxylic acid, adamantane carboxylic acid and diphenylacetic acid were used. Adamantane 
carboxylic acid and diphenylacetic acid proved to be the most effective in furnishing the 
diarylated product with a mono-/diarylation ratio of 14:86 and 11:89, respectively. These 
reaction conditions were applied on the wide range of different aryl bromides as well as 
(hetero)aryl bromides giving good to excellent yields of a diarylated products (Scheme 23).56 




Scheme 23:  Ortho-(hetero)arylation of 1-phenyl-β-carboline. 
In 2015 Seki studied the effect of different potassium carboxylates on the mono-ortho-
arylation of an industrially important precursor 1-benzyl-2-phenyl-1H-tetrazole with                            
4-bromobenzyl acetate in the presence of 0.5 mol% of [RuCl2(p-cymene)]2, 4 mol% of PPh3, 4 
mol% of potassium carboxylate, and 1 equiv. of K2CO3 as the base in NMP at 138 °C for 6 h. 
First, they evaluated the influence of carboxylates employing a variety of potassium 
carboxylates such as acetate, pivalate, adamantane-1-carboxylate, 2-ethylhexanoate, and                
2,4,6-trimethylbenzencarboxylate. However, none exceeded higher reactivity than potassium 
acetate, which promoted a 80% conversion and the 89:11 mono-/diarylation ratio. According 
to Dixneuf’s report39 on autocatalytic effect of carboxylic acid (Scheme 39), they tested 
dipotassium dicarboxylates by varying chain lengths [(CH2)n(COOK)2, n = 0–4]. For potassium 
oxalate (n = 0), potassium malonate (n = 1), and potassium adipate (n = 4) they have observed 
almost similar results – conversion 63–72% with 90–92% mono-arylation selectivity. When 
they added potassium succinate (n = 2), the conversion notably decreased to 41%, but obtained 
excellent mono-selectivity. On the other hand, potassium glutarate (n = 3) increased conversion 
to 86% with 90% of the mono-arylated product being formed. The reason for this notable 
difference between succinate and glutarate lies in the conformation of the acid during the 
intramolecular step in the catalytic cycle. Glutarate can form a quasi 5-5 fused orientation 
intermediate while succinate forms an unfavourable seven-membered structure (Scheme 24).57 
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Scheme 24: The effect of different dipotassium dicarboxylate. 
In 2017 Požgan and co-workers reported an ortho-C–H bond arylation reaction of                        
2-substituted quinazolines. The best conversion was achieved when the reactions were 
performed in the presence of 3 equiv. of the chosen arylbromide, 5 mol% of [RuCl2(p-
cymene)]2, 10 mol% of 1-phenylcyclopentane-1-carboxylic acid (PCCA) as a co-catalyst as 
well as 10 mol% of PPh3 and 3 equiv. of K2CO3 in 1,4-dioxane at 120 °C (Scheme 25).58 
Scheme 25: The C–H bond functionalisation of 2-arylquinazolines. 
1.2.3 Phosphorus Ligands in the Direct Arylation of C(sp2)–H Bonds 
The use of phosphane ligands can improve the yield of the C–H functionalisation, as well as 
have an impact on the mono-selective ortho-C–H bond arylation. Nevertheless, common and 
inexpensive PPh340–61 and other phosphane ligands such as PCy3,50,60 Pt-Bu3,59 PBu3,60 or dppb40 
(dppb = 1,4-bis(diphenylphosphino)butane) have surfaced without a further in-depth evaluation 
despite their great potential.   




In 2012, Zhang and co-workers showed the benefits of acetamide as an additive on the C–H 
bond (hetero)arylation of 2-phenylpyridine. The reaction of 2-phenylpyridine with                                 
p-chloroacetophenone proceded in a 85% yield when [RuCl2(benzene)MOTPP] (MOTPP = 
tris(4-methoxyphenyl)phosphane), acetamide and K2CO3 were used in NMP. When the solvent 
was replaced with toluene or 1,4-dioxane, the yields increased to 88% and 90%, respectively 
under milder conditions. When heteroaryl chlorides were used as coupling agents, such as                  
3- and 4-chloropyridine, the reactions did not proceed. On the other hand, if 2- and                             
3-chlorothiophene or 2-chloroquinoline were used, good to excellent yields were obtained 
(Scheme 26). The choice of acetamide was essential for the reaction to proceed in high 
conversions.62 
Scheme 26: C–H arylation with (hetero)aryl chlorides in the presence of acetamide. 
The first example of the preparation and application of ruthenium(II) complexes with 
phoshinous acid (PA) was reported by Clavier and co-workers. They prepared a series of well-
defined [RuCl2(p-cymene)(PA)] complexes and tested their catalytic performance in the C–H 
activation reaction of 2-phenylpyridine. The best results were obtained when 5 mol% of 
[RuCl2(p-cymene)(tBuPhPOH)], 3 equiv. of K2CO3 and 2.2 equiv. of PhCl as the chosen aryl 
halide were used. The reaction was performed in NMP at 80 °C and after 24 h a 89% yield of 
the diarylated product was isolated (Scheme 27).63 
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Scheme 27: The C–H arylation catalysed by the Ru(II) complex with a tBuPhPOH ligand. 
In 2016, the Ackermann’s research group investigated the C–H bond activation reaction with 
the use of [RuCl2(p-cymene)(PA)] as the chosen catalyst. They have prepared a small series of 
ruthenium(II)-PA complexes and evaluated their catalytic activity on different types of 
heterocyclic arenes and alkenes. The direct arylation of arenes was smoothly realized with 
different types of organic electrophiles, such as aryl bromides, chlorides and even tosylates 
(Scheme 28). Moreover, the reaction could be carried out at even 0.75 mol% catalyst loading. 
Detailed experimental and computational mechanistic study reviled evidence for metal-ligand 
cooperation for the C–H bond activation and the C–X cleavage via the SET-type activation by 
homogeneous ruthenium(II) catalyst.64 
 
Scheme 28: The ruthenium(II)-catalyzed C–H arylation of N-heterocycle arenes using phosphinous acid 
ligands. 
In 2017, Kantchev and co-workers reported an elegant strategy for ruthenium(II)-catalysed  
C–H arylation of heteroaryl benzenes with aryl chloride using bulky phosphane ligands. The 
best mono-selective arylation was achieved in the case when 1 equiv. of (hetero)arylchloride, 
1–2.5 mol% of [RuCl2(p-cymene)]2, 2–5 mol% of a ligand L, and 1.5 equiv. of K2CO3 as a base 




was used (Scheme 29). A series of mono-arylated products with various functional groups were 
prepared.65  
 
Scheme 29: Ruthenium(II)-catalyzed C–H arylation with (hetero)aryl chlorides using bulky phosphane. 
The methodology of monoarylation presented the possibility of a sequential C–H bond 
arylation with two different aryl chlorides. In this manner, a few examples of hetero-diarylated 
products were prepared.65 
 
Scheme 30: Examples of hetero-diarylated products. 
1.2.4 The Ruthenium(II)-Carboxylate Catalysed Arylation in Water and Other 
Green Solvents 
Organic reactions are usually carried out in organic solvents, which constitute over 85% of the 
organic waste produced by chemical industry. Some of them could be expensive to purchase, 
and even more costly to dispose in an environmentally responsible fashion. Moreover, to their 
known toxicity and flammability, they also present challenges when used on industrial scale. 
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Despite the significant contribution to green chemistry (higher atom efficient, less wastes and 
no need of prefunctionalisation), transition metal-catalysed C–H bond activation reactions still 
suffer from an environmental problem. The most common solvents for C(sp2)–H bond arylation 
with (hetero)aryl halides were firstly the use of a high boiling point and polar aprotic organic 
solvents such as N-methylpyrrolidinone (NMP), dimethylacetamide (DMAc) and toluene. 
Moreover, all these solvents are classified as toxic and are usually undesired in industry.66 A 
tendency to use more environmentaly-tolerant, non-toxic solvents led to the arylation of                      
2-phenylpyridine with aryl chlorides performed in diethyl carbonate (DEC). The first example 
of a Ru(II)/2KOPiv catalytic system performed in DEC was presented by Arockiam and                         
co-workers in 2009. The reaction performed in DEC at 120 °C, reached full conversion in 9 h 
as oppose to NMP where full conversion was achieved in 1 h. The reaction time was 
significantly shortened (2 h) with the addition of pivalamide (20 mol%), which have a similar 
effect as NMP (Scheme 31).47 
 
Scheme 31: The first example of C–H arylation in DEC. 
Among the environment-friendly solvents, water is one of the first choices as a non-toxic, non-
flammable and inexpensive solvent. The first example showed that water in NMP (1:2) did not 
inhibit the arylation reaction of 2-phenylpyridine with PhCl in the presence of Ru(II)/Ad2P(O)H 
as a catalyst. Nevertheless, the reaction performed in pure NMP gave higher yields than the 
water-NMP mixture.36 In 2010 Arockiam and co-workers demonstrated an active                              
Ru(II)-carboxylate catalytic system for C–H bond arylation in water (Scheme 32).40  





Scheme 32: C–H bond (hetero)arylation in water. 
Moreover, the reaction was performed without a surfactant, and results showed that the catalyst 
was more active in water than in organic solvents. The diarylation of the phenyl-nitrogen 
containing heterocycles in water proceeded in good yields and gave easy access toward a variety 
of polyheterocycles which can serve as polydentate ligands (Scheme 32).                                               
1,2,3-Tri(2-pyridyl)benzene was prepared with heteroarylation of 2-phenypyridine. The study 
revealed that the favourable base sequence was K2CO3 > KHCO3 > K3PO4 and that for aryl 
halides, due to their decreasing solubility in water, was PhCl > PhBr > PhI.40 
 
Scheme 33: The ruthenium(II)-phosphine catalysed arylation of 2-phenyloxazoline. 
The reaction of C–H arylation directed with 2-oxazoline ring is slower than with 2-pyridyl and 
N-pyrazole. Li and co-workers showed that the catalytic system [RuCl2(p-cymene)]2/4KOAc 
with the addition of 1 equiv. of PPh3 per ruthenium atom is required for the di-ortho-arylation 
at 110 °C. The PPh3 ligand has shown to be beneficial for the ArBr oxidative addition step in 
the catalytic cycle. The same positive effect exhibited electron-withdrawing groups on aryl 
bromides (Scheme 33). Moreover, water increases the rate of the reaction in respect to NMP. It 
is worth to mention that KOPiv did not work well as it slowly promoted the oxazoline 
decomposition.67        
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Scheme 34:  The monoselective ortho-C–H bond arylation catalysed with RuCl3·xH2O. 
In 2013, Gimeo and co-workers reported an efficient ruthenium(II)-catalysed C–H 
(hetero)arylation procedure of 2-phenylpyridine in water. They used RuCl3·xH2O as the catalyst 
together with Zn as the reductant for the generation of an in situ active Ru(II) species from 
Ru(III). 2-Phenylpyridine effectively coupled with a broad range of aryl chlorides to afford 
mono-arylation products with high selectivity under the applied conditions (Scheme 34).68  
In 2015, Singh and Dixneuf reported the synthesis of novel ruthenium(II) complexes with 
(O,O) and (O,N) chelate ligands such as kojic acid (L1), tropolone (L2), and glycine (L3). All 
synthesised complexes were water-soluble and were found to be effective catalysts for the direct 
C–H bond functionalisation of heteroarenes with (hetero)aryl halides in water. The reaction 
also required the presence of KOPiv as the co-catalyst and K2CO3 as the base (Scheme 35). The 
best catalytic activity in water was offered by glycine and kojic acid complexes. On the other 
hand, the complex with tropolone found to be more active in NMP.69    
 
Scheme 35: The arylation in water with Ru(II)-(O,O) and (O,N) bidentate ligand catalysts. 




In 2017, Li and co-workers developed a recyclable and straightforward catalytic system for 
direct (hetero)arylation of 2-phenylpyridine via C–H bond activation. Inexpensive RuCl3·xH2O 
was chosen as the catalyst, and the reaction was performed in PEG-400 as a green medium 
without any additives or ligands. The catalytic system is not only highly functional group 
tolerant but can also easily be regulated to achieve selective mono- or diarylated product. The 
transformations could proceed under air and be easily scaled up to a gram-scale at a low catalyst 
loading (0.3 mol%). Moreover, an 85% yield was obtained after a six-time recycle of the 
catalyst. For the optimised reaction conditions 5 mol% of RuCl3·xH2O, 3 equiv. of LiOH·H2O 
or KOAc in PEG-400 at 120 °C for 24 h under air were used (Scheme 36).70 
 
Scheme 36: The Ru(III)-catalysed ortho-arylation of 2-phenylpyridine with (hetero)aryl chlorides. 
1.2.5 The Effect of Phosphine Ligands on the Monoselective (Hetero)arylation of 
Heteroarenes 
In most cases, the use of phosphine ligands resulted in high monoselectivity of the ortho-C–H 
bond (hetero)arylation. Hence, it is difficult to introduce only one aryl group when two non-
protected aromatic ortho-C–H bonds were present. Moreover, this also disabled the generation 
of unsymmetrically substituted molecules via two consecutive C–H bond functionalisation with 
different arylation agents. One of the reason is the nature of ruthenium(II) species which 
remains coordinated to the nitrogen atom of the directing group. This immediately leads to the 
second C–H activation without Ru(II) being  decoordination. Some studies reported that water 
can decrease the rate of the diarylation process40 and that the monoarylation was favoured if 
bulky phosphines were used as ligands.34,71,72 With a combination of these two factors, Dixneuf 
and co-workers developed a method for selective monoarylation in water with the addition of a 
phosphine ligand. It was found that the sequence of the phosphine favouring monoarylation 
appeared to be: PPh3 (89%) > PCy3 (89% lower conv.) > P(i-Pr)3 (85%)> P(o-Me-C6H4)3 (80%). 
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If the arylation reactions were performed in water at 80 °C in the presence of a               
[RuCl2(PPh3)(p-cymene)] catalyst, selective monoarylation of 2-phenylpyridine as well as                
N-phenylpyrazole was achieved (Scheme 37).60 
 
Scheme 37: The selective monoarylation in water with the Ru(II)-PPh3 catalyst. 
Monoarylated products with a free ortho-C–H bond could further be reacted with an arylation 
agent in the presence of [Ru(OAc)2(p-cymene)] in water. This led to bi- or trifunctionalised 
(hetero)aryl derivatives in 70–83% of isolated yields (Scheme 38).60 
 
Scheme 38: The second C–H bond functionalisation with the [Ru(OAc)2(p-cymene)] catalyst in water. 
It was observed that the second arylation could be obtained only in water. If NMP was used 
as the solvent, after 20 h the reaction led only to a 20% conversion of the monoarylated product 
into a mixed diarylated product. It is noteworthy that heteroarylation of 2-phenylpyridine in 
NMP obtained quantitative conversion in 12 h at 120 °C.45 This suggests that the second 
arylation in NMP proceed without the de-coordination of Ru(II) from the pyridine directing 
group and moreover that water favours the second arylation with the respect to NMP.60 




1.2.6 The Mechanism of the C–H Bond Cleavage with the Ruthenium(II)-
Carboxylate Catalyst 
Extensive studies have shown a crucial role of the base (CO32–) and the carboxylate ligand in 
the Ru(II)-catalysed arylation of arene with aryl halides in organic solvent.38,39,45 C–H bond 
activation takes place at room temperature to generate a cyclometallated ruthenium(II) species. 
The ruthenacycle can further undergo the energetically more challenging oxidative addition of 
aryl halide followed by reductive elimination to form the new C–C bond.  
In the absence of carboxylate, the carbonate coordinates to the Ru(II) centre and enables an 
intramolecular C–H bond deprotonation.38 An in-depth kinetic study of the carboxylate 
acceleration of the 2-phenylpyridine arylation with a phenyl halide in the presence of an isolated 
[Ru(OAc)2(p-cymene)] catalyst was done by Jutand and co-workers in 2011. The reaction of 
cyclometallation performed in MeCN at 27 °C showed that first a cyclometallated derivative A 
was formed, and the released RCOOH (AcOH, PivOH) also accelerated this reaction via an 
autocatalysed process (Scheme 39). The coordination of phenylpyridine to Ru(II) carboxylate 
needs the previous decoordination of the carboxylate. This is assisted by RCOOH which 
protonates the carboxylate to coordinated on Ru(II), which leads to the dissociation of the weak 
Ru–OAc bond. After the coordination of phenylpyridine deprotonation of the C–H bond 
proceeds through an external AcO– anion which acts as a proton shuttle toward the carbonate. 
The C–H bond deprotonation takes place via electrophilic substitution assisted by the Ru(II) 
site and the intermolecular action of the carboxylate.39 
The formation of cyclometallate A is also accelerated by the addition of KOAc supporting that 
the C–H bond deprotonation is intermolecular. Pivalic acid also accelerates the formation of 
the analogous A intermediate but not as good as AcOH (Scheme 39). Moreover, the addition 
of a small amount of water increases the acidity of both acids. This effect also explains the 
positive role of water as the solvent in the catalytic process. Due to the weak Ru–OAc bond, 
the B+ is easily formed and undergoes an oxidative addition with PhI which is the rate-
determining step (Scheme 39). This step also requires a higher temperature than the C–H bond 
cleavage. The last step in the catalytic cycle is a reductive elimination and regeneration of the 
catalytically active Ru(II) species.39 
The study showed that N-phenylpyrazole and 2-phenyloxazoline also react with [Ru(OAc)2(p-
cymene)] and form ruthenacycles at room temperature. The reactivity of heteroarenes follows 
the reactivity in the preseted order: 2-phenylpyridine > 2-phenyloxazoline >                                               
N-phenylpyrazole.73 The study revealed that carbonate slows down the C–H bond activation 
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process due to the deprotonation of the free AcOH, but carbonate is also important for the 
elimination of HX which is released during the reaction (Scheme 39).39 
It was observed that bulkier and less acidic pivalic acid is the most effective carboxylate 
ligand in the aqueous medium. The study of the reaction performed in acetonitrile revealed 
that the addition of water drastically accelerates the disappearance of [Ru(OPiv)2(p-cymene)] 
and the appearance of B+ coordinated by S = acetonitrile instead of an RCOO– ligand in A 
(Scheme 39).39 
Water-pivalate cooperation showed two significant effects: 
1) The pivalate coordinated to Ru(II) has a higher tendency toward de-coordination due to 
its bulkiness and weakness of the Ru–OPiv bond. 
2) The acidity of pivalic acid was increased by water, and H3O+ favours the carboxylate              
de-coordination from [Ru(OPiv)2(p-cymene)].39 
 
Scheme 39: The mechanism for the monoarylation of the 2-phenylpyridine catalysed by                     
[Ru(OAc)2(p-cymene)]. 
Singh and co-workers also studied the mechanism of a ligand-tuned direct C–H bond arylation 
of 2-phenylpyridine with aryl chloride in water and the carboxylate influence on mono- or 
diselectivety. They prepared a novel water-soluble Ru(II) complex with different tropolone-
based ligands. With the help of extensive mass-spectral studies, the active key intermediates of 




the catalytic cycle were identified. The study also showed that the formation of cycloruthenated 
species without the arene ring are more important for the catalyst activity than the well-
established arene-ruthenium cycloruthenated species. Moreover, the influence of the 
carboxylate bulkiness on mono- and diarylation process was also reported. The selectivity shifts 
toward a diarylated product in the order: pivalate > isobutyrate > propionate > acetate.74,75   
In 2017, Štefane and co-workers performed a study on the formation and reactivity of                         
2-(aryl)quinazoline ruthenacycles. The formation of the ruthenacycle proceeds through an in 
situ formed [Ru(OAc)2(p-cymene)], which undergoes cyclometalation with 2-(aryl)quinazoline 
in an analogous way as it was described by Ackermann51 and Dixneuf.39,73 They studied the 
electronic effects on the arylation process, and the Hammett plot showed that in the case of 
electron-rich aryl bromides an oxidative addition is a rate-determining step. They also showed 
that the electronic nature of the substituted benzene ring on quinazoline is not the dominant 
factor in the arylation process. They proposed that the arylation proceeds via the consecutive 
oxidative addition-reductive elimination step. The active species which reacts through the 
oxidative addition with aryl halide is most likely, although unidentified, p-cymene-free 
complex A (Scheme 40). This complex undergoes oxidative addition via the SET-type reaction 
as confirmed by addition of a radical scavenger (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 
(TEMPO) which inhibited the catalytic arylation reaction. This step can also be kinetically 
determining for electron-rich aryl halides. During the reaction, the bromide anion was formed 
and coordinated to the Ru(II) species which became less reactive than the OAc or even the Cl 
analogue.76  
 
Scheme 40: The proposed reaction pathway for the arylation of ruthenacycle. 
A large contribution was done by Larossa and co-workers in 2018.77 According to the study 
which was made by Štefane and the one made by Larossa, the new mechanism of C–H bond 
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activation was proposed. For more than two decades of a well known postulated mechanism 
which supposed that p-cymene remained coordinated to ruthenium during the catalytic cycle, 
Larossa proposed a new catalytic mechanism which was based on the Ru(II) catalyst without 
the coordinated p-cymene. They identified a bi-cycloruthenated species as the key intermediate 
which is essential for the oxidative addition step to occur. Based on this study, a more-robust 
catalytic system was designed and it was capable of catalysing the C–H bond activation at room 
temperature and showed high tolerance to a much broader spectrum of functional groups.77 
 
Scheme 41: Examples of the functionalisation of pharmaceuticals via the C–H bond activation at 35 °C. 
The reaction of C–H bond functionalisation proceeded with a quantitative conversion when a 
new catalyst C (10 mol%) was used in combination with 30 mol% of KOAc in NMP at 35 °C 
(Scheme 41). The optimised reaction conditions were also applied for the preparation of new 
derivatives of benchmark pharmaceuticals.77    
1.2.7 The Arylation with Non-Halogen Arylation Agents 
In 2015, Maheswaran and co-workers reported the PhI(OCOCF3)2-mediated ruthenium 
catalysed ortho-C–H monoarylation of 2-phenylpyridine and 1-phenyl-1H-pyrazole with 
arylboronic acids. The reaction was site-selective due to the high nucleophilic reactivity of 
arylboronic acid. The C–H bond activation proceeded with the use of a hyper-valent iodine-
based PhI(OCOCF3)2 reagent as the oxidant under relatively mild conditions. For the optimal 
reaction conditions only 2.5 mol% of [RuCl2(p-cymene)]2 catalyst with 20 mol% of 
PhI(OCOCF3)2 in toluene at 100 °C were used (Scheme 42).78 





Scheme 42:  C–H bond arylation with arylboronic acids. 
Not only arylboronic acids but also less toxic aryl silanes can be used for the C–H bond 
functionalisation of 2-phenylpyridine and 1-phenyl-1H-pyrazole. The organosilanes are also 
readily available and high-functional group tolerant for aryl halides. The best conversions were 
obtained when 5 mol% of [RuCl2(p-cymene)]2, 20 mol% AgSbF6 and 3.5 equiv. of CuF2 were 
used. CuF2 proved to be a crucial activator and an oxidant for the reoxidation of Ru(0) to Ru(II) 
during the catalytic cycle (Scheme 43). For the optimal conversions, non-coordinating DCE 
was the solvent of choice. The catalytic system operates under mild oxidative conditions on a 
wide range of valuable heterocyclic biaryls, which are particularly common in natural products 
and pharmaceuticals.79 
 
Scheme 43: Examples of the ortho-C–H bond arylation with aryl silanes. 
Recently, Roger and Hierso have reported the use of aryl triflate and related phenolates as 
suitable electrophilic coupling partners for the Ru(II)-catalysed arylation of heteroarenes with 
the nitrogen-containing directing groups. The [RuCl2(p-cymene)]2 (2.5 mol%) combined with 
pivalic acid (30 mol%) in trifluoromethylbenzene at 110 °C allows an efficient ortho C–H 
functionalisation with aryl triflates (Scheme 44). The method tolerates electron-donating 
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substituents in para-, meta- and ortho-positions. Moreover, the reaction protocol was also 
extended to other sulfonates such as tosylates and mesylates.80 
 
Scheme 44: The C–H bond arylation with aryl triflates. 
1.3 Microwave-assisted C–H Bond Activation  
1.3.1 Microwave-Assisted Organic Synthesis  
The first described reaction of microwave-assisted organic synthesis (MAOS) was reported 
more than 30 years ago. The pioneering examples were done as laboratory curiosity in a 
household microwave oven. Till now, the field of MAOS has matured into an established 
technique useful for both academia and industry.81 MAOS has become one of the most powerful 
tools in synthetic chemistry and has attracted much attention – mainly because of its specific 
features such as efficient atomic utilisation, improved temperature regulation, reaction 
homogeneity, and optional modifications of the activation parameters.82,83 Many studies report 
a wide range of metal-catalysed reactions and cross-coupling reactions being benificial from 
the microwave (MW) heating.84–88 The most significant advantage of MAOS is shorter reaction 
time, which leads to a cleaner product in contrast to the conventional heating.89 
The microwave reactor operates at a frequency of 2.45 GHz. There are two main mechanisms 
how the microwave irradiation induces heating - a dipolar polarization and ionic conduction. 
Molecules (solvent, substrate or reagent) with a dipole are involved in the dipolar polarization 
effect while the charged particles (usually ions) contribute to the ionic conduction. At operating 
frequency of the microwave reactor the polarisation vector, which describes the response of the 
sample to the applied electric field, oscillate. The dipoles or ions of the sample, attempt to 
realign themselves with the phase of the irradiated microwave but they lag behind the applied 
field. Because their effective current is out of phase, the lost energy results in the heating 
through molecular friction and a dielectric loss.90 




Specific materials or solvents exhibit the ability to convert the microwave energy into heat. A 
factor which describes this feature is the so-called loss tangent (tan δ). The loss factor can be 
expressed by the equation 1, where ε’’ is a dielectric loss, which determines the conversion 
efficiency of the electromagnetic radiation into heat, and ε’ is a dielectric constant and describes 





At the standard operating frequency of the microwave reactor, the reaction medium with a 
high tan δ value is required for efficient heating due to a good absorption. Overall, solvents 
which are used in MAOS can be classified in three different levels of the absorbing microwave 
irradiation. The solvents which are high-absorbing have tan δ > 0.5, medium- have tan δ ≈ 0.1–
0.5 and low- have tan δ < 0.1. The other solvents commonly used in organic synthesis without 
a permanent dipole, such as 1,4-dioxane, are more or less transparent for microwaves. In that 
case, polar additives like ionic liquids or the so-called passive heating elements need to be 
added. In this way, the absorbance level of the medium can be increased.81 
The major benefit of the dielectric heating in contrast with the conventional is that microwaves 
couple with a dipole and ionic molecules which are in the reaction mixture, and energy is 
transferred in less than a nanosecond. On the other hand, conventional heating occurs through 
the walls of the vessel and after that reaches the solvent. This explains why conventional heating 
is slower, which influence on the reaction rate as well as on product purity.91  
1.3.2 The Effect of the Microwave Irradiation on the Chemical Reaction Rate 
Since the first introduction of MAOS in 1986, the main debate has focused on the question, 
what actually alters the outcome of the synthesis.92 
The term ‘specific microwave effect’ was claimed when studies showed the difference in the 
reaction performed under microwave irradiation over conventional heating. The significant 
advantage of MAOS is shorter reaction time. The rate of the reaction can be expressed by 
Arrhenius equation 2.     
𝐾 = 𝐴𝑒−∆𝐺/𝑅𝑇 (2) 
There are two ways how to increase the rate of the reaction. First, the pre-exponential factor A 
describes the mobility of molecules, and it depends on the molecules’ vibration frequency 
(induced by microwaves) at the reaction interface.93,94 On the other hand, the microwave 
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irradiation causes the changes of free energy of activation (ΔG) in an exponential factor.95 
Furthermore, a similar effect has been proposed for polar reaction mechanisms, where the 
polarity increases from the ground state to the transition state, resulting in an enhancement of 
reactivity by a decrease of the activation energy.96    
There are many discussions about the non-thermal microwave effect. Scientists today will 
agree that the energy of microwave photons is too low to have a direct effect on the molecular 
bond cleavage. So in this way, a microwave cannot “induce” molecules to undergo the chemical 
reaction after they absorb the electromagnetic energy.96    
The essential microwave effects can be attributed to thermal effects. The microwave 
irradiation can produce heat profiles which cannot be easily achieved by conventional heating. 
This is the main reason that MAOS can give a different outcome compared to a classic heating 
method, even if they proceeded at the same temperature.92 Specific microwave effects can be 
caused by the uniqueness of the microwave dielectric heating mechanisms: 
1) superheating of a solvent at the atmospheric pressure, 
2) selective heating of the strongly microwave absorbing heterogeneous catalyst, 
3) formation of ‘microwave radiators’ which are directly coupled with the microwave energy 
(microscopic hotspot), and 
4) elimination of wall effects by inverted temperature gradients.96 
However, in many cases, the problem with the local rise of temperature ‘hot spots’ can occur. 
In such a zone, the temperature can be higher than measured in bulk. The superheating effect 
can cause unexpected results and poorer reproducibility.92 
1.3.3 The Microwave-assisted Synthesis in the C–H Bond Activation  
Microwave-assisted regioselective functionalisation of arenes via C–H bond activation, 
mainly catalysed with rhodium97,98 and palladium99,100 catalysts, is not well explored. 
Ruthenium catalysts are superior in both efficiency and regioselectivity. However, there are 
only a few examples of microwave-assisted ruthenium catalysed C–H bond activation. They 
usually require the use of high boiling point organic solvents such as toluene, NMP and                      
1,4-dioxane but can also be done in water.68, 101  
The first example of a Ru(II)-catalysed microwave-assisted one-pot C–H bond arylation of 
arenes was reported by Gimeo and co-workers. The reaction was performed in water in the 
presence of 5 mol% of RuCl3∙xH2O, 3 equiv. of NaOAc and 15 mol% of Zn as the reductant. 
The reaction mixture was heated under microwave conditions at 140 °C for 1 h (Scheme 45).68 






Scheme 45: The microwave-assisted C–H arylation of 2-phenylpyridine in water. 
In 2015 Zhong and co-workers reported another example of microwave-assisted C–H bond 
functionalisation with ruthenium(II). For the (hetero)arylation of 1-(pyridin-2-yl)pyrene and 
1,6-di(pyridin-2-yl)pyrene, 1.2 equiv. and 2.4 equiv. of (hetero)aryl bromide was chosen in the 
presence of 10 mol% of [RuCl2(p-cymene)]2 and 0.6 or 1.2 equiv. of MesCO2H as well as 8 
equiv. of K2CO3, with heating under the microwave conditions for 30 min in NMP 61–91% 
yields for 1-(pyridin-2-yl)pyrene and 40–71% for 6-di(pyridin-2-yl)pyrene were 
obtained(Scheme 46).101  
 
 
Scheme 46: The C–H (hetero)arylation of 1,6-di(pyridin-2-yl)pyrene.  
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2. General Research Aims and Objectives 
In the first part of our research we will focus on the development of an effective, versatile, and 
highly site-selective C–H bond functionalisation of different substituted phenyl pyrimidines in 
water. Preferentially we will use different ruthenium catalysts which have shown significant 
reactivity in aqueous media. Instead of conventional heating, microwave irradiation will be 
used, which could significantly shorten the reaction time. The optimised reaction conditions 
will be applied for the (hetero)arylation of substituted phenyl pyrimidines with different aryl- 
and heteroaryl halides. With a Hammett plot correlation, we will investigate the effect of 
substituents on substrate as well as on the arylation agents in the C–H bond functionalisation 
reaction. 
Hypothesis: 
1. Microwave irradiation as a heating source can significantly decrease the reaction time. 
2. Reaction could be performed in water. 
3. Substituents on phenylpyrimidines and aryl bromides can exhibit some influence on 
arylation process.  
 
Scheme 47: C–H bond (hetero)arylation of substituted phenylpyrimidines. 
In the second part, we will develop a fast and penta-selective iterative C–H bond 
heteroarylation of different heteroarylbenzenes (2-phenylpyridine, 2-phenylpyrimidine,                     
1-phenyl-1H-pyrazole, etc.) under the microwave irradiation, which have been shown to have 
significant benefits on the rate of the reaction. The optimised reaction condition will be also 
applied on 1,4-di(pyrimidin-2-yl)benzene and 1,3,5-tri(pyridine-2-yl)benzene.  
Hypothesis: 
1. Microwave irradiation as a heating source can significantly improve the reaction 
conversion. 
2. Different poly(heteroaryl)benzenes could be prepared by iterative C–H bond 
heteroarylation.   
3. Each newly introduced heteroaryl group can serve as a directing group for further C–H 
bond heteroarylation reaction.   
 





Scheme 48: Iterative C–H bond heteroarylation. 
During our study on C–H bond heteroarylation of 2-phenylpyridines with 3-methylpyridine 
we detected N-pyridylpyridin-2-one as a by-product. We proposed its formation through 
ruthenium coordinated to the nitrogen atom of 2-bromopyridine. In the third part, we will focus 
on the mechanistic study of the pyridone formation and research the limitation of the developed 
method on different substituted 2-bromopyridines. 
Hypothesis: 
1. The oxygen in pyridone comes from pivalate and carbonate.  
2. We will prepare N-heteroarylated pyridin-2-ones with electron-donating and electron-
withdrawing groups. 
 
Scheme 49: The formation of pyridin-2-one from 2-bromopyridine. 
In the last part, we will prepared a series of different transition metal complexes with newly 
prepared polymonodentate ligands. Due to many available nitrogen atoms in the ligands, which 
can coordinate one metal, we could potentially prepare complexes with up to six coordinated 
metal ions. We will focus on Ru(II), Pd(II), Pt(II) and Ag(I) cations. Moreover, the coordination 
of different metal cations on the same ligand will also be examined. 
Hypothesis: 
1. Due to a six-coordinating site, hexa(pyridine-2-yl)benzene can coordinate up to six 
trasition metal cations (the same or different metals).  
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Scheme 50: The plausible complex of the coordinations of six metal cations. 









3. Microwave-Promoted Ortho-C–H Bond (Hetero)arylation of 
Arylpyrimidines 
3.1 Introduction 
Compounds containing a pyrimidine motif can exhibit interesting biological and 
pharmaceutical activities. On the other hand, they can serve as a ligand in coordination 
chemistry or catalysis. Some of them can be important in the synthesis and the preparation of 
functional materials.102–106 One of the most interesting types are arylated or π-conjugated 
pyrimidines. That is why the development of a fast and efficient method for the synthesis of 
different substituted pyrimidines is still highly desirable. One example of an economical C–H 
bond functionalization was shown by Požgan and co-workers in 2011.  They reported a C–H 
arylation procedure for the arylation of phenylpyrimidine in the presence of a Ru(II) catalyst 
and PCCA in 1,4-dioxane at 150 °C. In 2 h the biarylated product was isolated in a 88% yield 
(Scheme 51).53 
 
Scheme 51: An example of a Ru(II)-catalysed C–H bond arylation of phenylpyrimidine. 
A study has recently been reported; diphenylation of 2-phenylpyrimidine with                             
N,N-disubstituted benzamide formed the final product in a 69% yield 107 and naphtylation with 
48% and 30% of mono- and diarylated products via Rh(III), respectively.108 In 2013, Zhao 
reported a RuCl3 catalysed phenylation of 2-phenylpyrimidine with phenyl tosylate. In 12 h at 
140 °C and in the presence of MeCO2H, 68% of the biarylated product was formed.109 A study 
reported by Xie and co-workers described the usage of aryl iodides in the C–H bond arylation 
reaction. The crucial additive for the transformation is an oxidant, benzoyl peroxide.110 Iron can 
also be used as a catalyst as shown by Nakamura and co-workers. They reported a iron-
catalysed phenylation of 2-phenylpyrimidine with a phenyl magnesium bromide (Grignard 
reagent) yielding mono- and diarylated products in 81% and 9%, respectively.111 
In 2014 Loh and co-workers reported a arylation procedure of N-(2-pyrimidyl)indoles with 
organosilicon reagents in a mixture of THF/H2O as a chosen solvent. For the successful 
transformation [Cp*RhCl2]2, AgF and Cu(OAc)2 were used as a catalytic system. An important 
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role in the catalytic cycle plays AgF and Cu(OAc)2, which serve as an oxidant for the oxidation 
of Rh(I) to Rh(III), formed in the reductive elimination step. This transformation exhibits 
excellent reactivity on a broad range of substrates providing the coupling products in good to 
excellent yields.112 Cp*Rh(III)- as well as Cp*Ir(III)- can also catalyse direct ortho-C–H bond 
arylation of 2-phenylpyridine with quinone diazides. Such an approach introduces phenols on 
the ortho-position as reported by Wang in 2015.113 The arylation of 2-phenylpyrimidines can 
also be achieved with oxidative arylation with boronic acids in the presence of a Co(acac)2 
catalyst and Mn(OAc)2 as an oxidante.114  
Nevertheless, all the above mentioned methodologies are able to efficiently functionalised a 
C–H bond directed by a pyrimidine directing group; they often use a stoichiometric amount of 
oxidants and are performed in high boiling point organic solvents using long reaction times.  
3.2 Research Aims and Objectives 
There are only a few examples of C–H bond activation under microwave conditions catalysed 
by a Ru(II)-carboxylate catalytic system. In our study, we would develop a fast, versatile, 
efficient and selective C–H bond activation methodology for the arylation of 
phenylpyrimidines. We have proposed to apply the new methodology on different substituted 
phenylpyrimidines in water as the green solvent.  
At first, we will focus on the optimization of reaction conditions. The optimised reaction 
conditions will further be applied for the arylation of phenylpyrimidines with different 
substituted aryl and heteroaryl halides. To get more in-depth insight into the reaction 
mechanism of the C–H bond arylation, we will performe some basic mechanistic and Hammett 
plot correlation experiments.     
3.3 Results and Discussion 
3.3.1 The Optimisation of the Microwave-Assisted C–H Bond Arylation of 2-
Phenylpyrimidine in Water 
  In an attempt to perform a Ru(II)-catalysed C–H bond arylation of 2-phenylpyrimidine (1a) 
with aryl halides, 1a (0.25 mmol) was the substrate of choice for our initial study of the model 
coupling reaction with 4-bromotoluene (2.5 equiv.) in the presence of the [RuCl2(p-cymene)]2 
(5 mol%) as the catalyst. The reaction was performed in water under microwave irradiation. To 
our surprise, we achieved an excellent 92% conversion of the starting material in only 0.5 h at 
180 °C (Table 1, Entry 1) without any additives. We analysed the reaction mixture, which 




showed the combination of mono- and diarylated products 2a and 3a with conversion of 30% 
and 67%, respectively. In addition to this, we also found a small amount (3%) of a formal 
homocoupling product 4a. According to the literature40 KOPiv has a positive effect on the 
reaction conversion, but in our case, the catalytic amount of KOPiv slightly decreased the 
conversion to 84%. On the other hand, the bulkier 1-phenyl-1-cyclopentanecarboxylic acid 
(PCCA), which reacts with Na2CO3 and forms a sterically more demanding carboxylate ligand, 
improved the conversion to 99% (table 1, Entry 3) with influenced on diarylation selectivity as 
well. The addition of PPh3 even further improved the conversion to 100%. With such reaction 
conditions, we achieved the 9:1 ratio between the product 3a and 4a with 86% and 3% isolated 
yields, respectively. If the same reaction was performed on a 1 mmol scale of 1a, it resulted in 
higher isolated yields of 3a and lower yield of 4a (Table 1, Entry 5). The ratio and the 
conversions were not influenced (100% conv, 3a/4a ~90/10) if we used other bases such as 
Li2CO3, Cs2CO3, K3PO4 and KOAc. 
According to the literature74 sterically more demanding carboxylic acids favour the formation 
of the diarylated product. Therfore, we tried the reaction with even bulkier carboxylic acid than 
PCCA. With 2-mesitylcarboxylic acid, we achieved a 100% conversion with 6/84/10 (2a/3a/4a) 
ratio. Slightly better results were obtained if we applied N-acylglycine 3/89/8 (2a/3a/4a) and 
even better with 1-adamantanecarboxylate 2/90/8 (2a/3a/4a). However, the best conversion and 
product ratio were obtained when PCCA 0/98/2 (2a/3a/4a) (Table 1, Entry 9) was used. In 
contrast, the reaction performed with conventional heating at 180 °C instead of microwave-
assisted approach reached only 59% conversion and a worse ratio between the products 80/19/4 
(2a/3a/4a). This experiment showed great benefits of microwave irradiation on the                      
Ru(II)-carboxylate catalytic system for ortho-C–H bond arylation of 1a with 4-bromotoluene.  
An optimised catalytic system operates even at a lower temperature than 180 °C (Table 1, 
Entries 10–12). But to achieve the same conversion and reaction selectivity the reaction time 
has to be prolongued. To confirm if water is the best solvent of choice in the arylation reaction, 
we performed the reaction of 1a with 4-bromotoluene in different solvents using the optimised 
catalytic system at 150 °C for 1 h (Table 1, Entry 12 vs 13–15). The results showed the 
superiority of water as the solvent over common C–H bond functionalisation solvents such as 
NMP, toluene and 1,4-dioxane. With the optimised reaction conditions in hand, we were able 
to selectively form the biarylated product 3a with an excellent 92% yield (Table 1, Entry 5). 
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Table 1: The screening of the reaction condition.a  
aReagents and conditions: 1a (0.25 mmol), 4-bromotoluene (0.625 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), 
Na2CO3 (0.75 mmol), solvent (1 mL), argon. bConversion and ratio determined by 1H NMR analysis. cIsolated 
yield by radial chromatography. dConventional heating (0.5 h). e1 mmol 1a used. MW = microwave heating. 
3.3.2 The Scope of the Microwave-Assisted Ru(II) Catalysed Arylation of 2-
Phenylpyrimidines 
With the optimised reaction conditions in hand, we started to investigate the scope of the 
reaction with different aryl halides. Reactions between 1a and 4-bromotoluene (5a), 
bromobenzene (5b), 1-bromo-4-tert-butylbenzene (5c), 4-bromoanisole (5d), 4-bromo-N,N-
dimethylaniline (5e), 4-bromofluorobenzene (5f), 4-bromo(trifluoromethyl)benzene (5g) as 
well as 4-bromoacetophenone proceeded smoothly with moderate to excellent yields (42–92%)  
 
Entry Additive (mol%) Solvent T (°C) Time (min) Conv.b (%) 2a/3a/4ab 
1 – H2O 180 30 92 30/67/3 




3 PCCA (20) H2O 180 30 99 4/85/10 
4d PCCA (20)/PPh3 (10) H2O 180 30 59 80/16/4 
5 MesCO2H (20)/PPh3 (10) H2O 180 30 100 6/84/10 
6 N-acylGly (20)/PPh3 (10) H2O 180 30 100 3/89/8 
7 AdCO2H (20)/PPh3 (10) H2O 180 30 100 2/90/8 




9c PCCA (20)/PPh3 (10) H2O 180 30 100 0/98/2 3a; (92%)e 
10 PCCA (20)/PPh3 (10) H2O 120 60 99 32/60/8 
11 PCCA (20)/PPh3 (10) H2O 140 60 100 5/87/8 
12 PCCA (20)/PPh3 (10) H2O 150 60 100 0/94/6 
13 PCCA (20)/PPh3 (10) NMP 150 60 99 38/62/0 
14 PCCA (20)/PPh3 (10) toluene 150 60 38 75/20/5 
15 PCCA (20)/PPh3 (10) 1,4-dioxane 150 60 7 45/45/10 




Table 2: The scope of the ortho-C–H bond functionalisation 1a with aryl halogenides. 
aReagents and conditions: 1a (0.25 mmol), aryl halide (0.625 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), Na2CO3 
(0.75 mmol), H2O (1 mL), argon. bConversion and ratio determined by 1H NMR analysis of the crude reaction. 
MW = microwave heating. cIsolated yield by radial chromatography. 
to the desired diarylated product (Table 2). In all cases when aryl bromides were used, the 
reaction underwent a full conversion in only 30 min. The reason for the moderate yield of 
product 3e lies in the inseparable mixture of the biarylated product and Ph3PO which arises 
from PPh3. To achieve the pure product an acid-base extraction is necessary to remove the 
unwanted phosphine oxide product. On the other hand, when we used the aryl chloride as the 
coupling partner the reaction did not proceed well. Only a 50% conversion to the desired 
product with a low selectivity was obtained when chlorobenzene (5b’) was used (Table 2, Entry 
2). Indeed, reactions with 4-chlorotoluene (5a’) and 4-chloroanisole (5d’) showed low 
selectivity with an excellent conversion (>97%) of 1a (Table 2, Entries 4 and 7). 
It must to be mentioned that in all cases except in the case of the aryl halides 5b’,d,g,                 
by-product 4 was detected in the crude reaction mixture. We were able to isolate only product 
4a. Meanwhile, other products 4 were characterised with HRMS and by the correlation of the 
1H NMR shift of the H-4,6 on the pyrimidine ring (Table 3).  
 
 
Entry R X Conv.b (%) 2/3/4b Yield 3 (%)c 
1 Me (5a) Br 100 0/90/10 3a; (86%) 
2 Me (5a’) Cl 97 39/56/5 / 
3 H (5b) Br 100 0/93/7 3b; (85%) 
4 H (5b’) Cl 50 82/18/0 / 
5 t-Bu (5c) Br 100 0/85/15 3c; (72%) 
6 OMe (5d) Br 100 0/100/0 3d; (92%) 
7 OMe (5d’) Cl 99 28/66/6 / 
8 NMe2 (5e) Br 100 0/92/8 3e; (41%) 
9 F (5f) Br 100 0/93/7 3f; (87%) 
10 CF3 (5g) Br 100 0/100/0 3g; (81%) 
11 COMe (5h) Br 100 0/93/7 3h; (86%) 
40                          Microwave-Promoted Ortho-C–H Bond (Hetero)arylation of Arylpyrimidines 
    
Table 3: The characterisation of products 4 by HRMS and 1H NMR. 
  
Next, we studied the scope of phenyl pyrimidines 1b–f bearing different functional groups on 
the meta-position of the benzene ring. The reaction with the methyl- and trifluoromethyl-
substituted substrate 1b and 1c gave the monosubstituted products 2i and 2j with 59% and 51% 
isolated yields, respectively in 1 h. In the case of methoxy-phenylpyrimidine 1d the reaction 
yielded both mono- and diarylated products 2k (58%) and 3k (25%), respectively. Surprisingly, 
the fluoro-substituted pyrimidine 1e gave only a diarylated product 3l in 0.5 h with full 
conversion, although we were able to isolate 69% of a diarylated product 3l. Just like in the 
case of the methoxy-substituted phenylpyrimidine, the chloro-substituted 1f gave the mixture 
of both plausible products with the 1:1 ratio of 2m and 3m, which were isolated in 45% and 
40% yields. 
Finally, we reacted (3-methylphenyl)pyrimidine 1b with different p-substituted 
bromobenzenes. When a substrate 1b was reacted with bromobenzene, 4-bromoanisole,                  
4-bromo-N,N-dimethylaniline, 4-bromofluorobenzene, 4-bromo(trifluoromethyl)benzene, we 
achieved monoarylated products 2n–s with high isolated yields 70–83%. In contrast to this,               
4-bromoacetophenone resulted in the mixture of mono- (30% yield) and diarylated (53% yield) 





Entry Compound R δ (ppm) (H-4,6 of pyrimidine) [M+H]
+ HRMS det. HRMS calcd. 
1 4a Me 8.50 C34H27N4 491.2235 491.2230 
2 4b H 8.48 C32H23N4 463.1921 463.1917 
3 4c t-Bu 8.47 C40H39N4 575.3156 575.3169 
4 4e NMe2 8.52 C36H33N6 549.2753 549.2761 
5 4f F 8.50 C32H21F2N4 499.1731 499.1729 
6 4h COMe 8.47 C36H27N4O2 547.2128 547.2129 




Table 4: The scope of the ortho-C–H bond functionalisation of 1b–f with aryl bromides. 
aReagents and conditions: 1a (0.25 mmol), aryl halide (0.625 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), Na2CO3 
(0.75 mmol), H2O (1 mL), argon. bConversion and ratio determined by 1H NMR analysis of the crude reaction 
mixture. MW = microwave heating. cIsolated yield by radial chromatography.  
The selective monoarylation on sterically more demanding phenylpyrimidne 1b suggested a 
possibility for another ortho-arylation of a more hidered C–H bond with a different aryl halide. 
To test the one-pot sequential path toward poly(hetero)arylbenzenes, we took                                            
2-(3-methylphenyl)pyrimidine (1b) and reacted it with 1.25 equiv. of bromobenzene using the 
optimised catalytic system Ru(II)/PCCA/PPh3 in water under microwave conditions at 180 °C 
for 30 min. According to the NMR analysis of the crude reaction mixture, we determined an 
intermediate 2n with the 98% conversion and the 95/5 ratio between mono- and diarylated 
products. The reaction vessel was then equipped with 2 equiv. of 4-bromoacetophenone 
together with an additional amount of a Ru(II)/PCCA/PPh3 catalytic system. With the same 
Entry R1 R2 Conv.b (%) 2/3 b Yield 2 (%)c Yield 3 (%)c 
1 Me (1b) Me 100 91/9 2i; (59%)  / 
2 CF3 (1c) Me 100 100/0 2j; (51%) / 
3 OMe (1d) Me 100 65/35 2k; (58%) 3k; (25%) 
4 F (1e) Me 100 0/100 / 3l; (69%) 
5 Cl (1f) Me 100 50/50 2m; (45%) 3m; (40%) 
6 Me (1b) H 98 90/10 2n; (82%) / 
7 Me (1b) OMe 100 88/12 2o; (76%) / 
8 Me (1b) NMe2 100 85/15 2p; (70%) / 
9 Me (1b) F 98 95/5 2r; (80%) / 
10 Me (1b) CF3 100 90/9 2s; (83%) / 
11 Me (1b) COMe 100 34/65 2t; (30%) 3t; (53%) 
12 CF3 (1c) NMe2 100 97/3 2v; (63%) / 
13 CF3 (1c) COMe 98 70/30 2z; (59%) 3z; (22%) 
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MW parameters, the eaction mixture was heated for another 1 h. We were able to isolate the 
mixed diarylated product 3u with a 65% overall yield (Scheme 52).                 
 
Scheme 52: The sequential synthesis of mixed diarylated phenylpyrimidine 3u. 
3.3.3 The Optimisation of the Microwave-Assisted C–H Bond Heteroarylation of 
2-Phenylpyrimidine in Water 
After successful arylation of arylpyrimidines 1 with aryl halides, we focused on the ortho-
heteroarylation with different five- and six-membered heteroaryl halides. The reaction between 
phenylpyrimidine 1a and 2-bromopyridine (2.5 equiv.) was the choice for our optimisation 
reactions. We started the investigation with 2.5 mol% of [RuCl2(p-cymene)]2 in the presence of 
3 equiv. of Na2CO3 which led to a 26% conversion with a mono/di ratio of 75/25. If 10 mol% 
of KOPiv was added, the conversion decreased (22%) with a 79/21 (mono/di) ratio (Table 5, 
Entries 2). Moreover, only a 35% conversion was achieved if 5 mol% of PPh3 was added.  
Table 5: The screening of the reaction condition.  
 
aReagents and conditions: 1a (0.25 mmol), aryl halide (0.625 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), Na2CO3 
(0.75 mmol), H2O (1 mL), argon. bConversion and ratio determined by 1H NMR analysis of the crude reaction 
mixture. cIsolated yield by radial chromatography. d3 equiv. 2-bromopyridine. MW = microwave heating. 
Entry Ru(mol%) Additive (mol%) T (°C) Time (min) Conv.b (%) 6a/7ab (%)c 
1 2.5 – 180 30 26 75/25 
2 2.5 KOPiv (10) 180 30 22 79/21 
3 2.5 KOPiv (10)/PPh3 (5) 180 30 35 81/19 
4 5 KOPiv (20) 180 30 40 79/21 
5 5 KOPiv (20)/PPh3 (10) 180 30 64 69/31 
6d 5 PCCA (20)/PPh3 (10) 180 30 90 
64/36  
6a; (34%), 
7a; (23%)  
7 5 PCCA (20)/PPh3 (10) 180 60 82 61/39 




A slightly better conversion (40%) was observed if the catalyst load was doubled (Table 5, 
Entry 4). With this catalyst amount the addition of 10 mol% of PPh3 increased the conversion 
to a 64% and 69/31 (6a/7a) product ratio. However, if we used PCCA instead of KOPiv and 
increased the amount of 2-bromopyridine from 2.5 to 3 equiv., products 6a and 7a were isolated 
with 34% and 23% isolated yields, respectively and an 89% total conversion were obtained 
(Table 5, Entry 6). Interesting, the reaction with 2.5 equiv. of a heteroarylation agent did not 
give better conversion of substrate 1a to the final product even if the reaction time was 1 h 
(Table 5, Entry 7).      
3.3.4 The Scope of the Microwave-Assisted Ru(II)-Catalysed Heteroarylation of 
2-Phenylpyrimidine 
With the optimised conditions in hand, we further investigated the scope of different five- and 
six-membered heteroaryl halides. As mentioned, the reaction with 2-bromopyridine proceeded 
only with a 90% conversion. Moreover, 2-chloropyridine is even less reactive with a 85% 
conversion and the 58/42 (6a/7a) ratio (Table 6, Entries 1 and 2). Results for the ortho-C–H 
heteroarylation showed that heteroaryl halides were, in general, less reactive than aryl bromides 
with a substituent on a para position.  
The reaction with 2-bromo-3-methylpyridine, 2-bromo-6-methylpyridine and                                        
2-bromoquinoline attained a quantitative conversion as well as an excellent diarylation 
selectivity of products 7b-d with 45–88% of isolated yields, respectively (Table 5, Entries                    
3–4). On the other hand, pyrimidyl halides and 2-chloropyrazine exhibited as less reactive 
coupling reagents. They yielded predominantly monoarylated products 6e–g with low to good 
conversion (Table 6, Entries 6–9). 
We noticed, that arylation of 1a with 2-chloro- or 2-bromopyrimidine competed with the 
nucleophilic substitution with water at the proelectrophilic coupling partner, but instead of the 
expected 2-hydroxypyrimidine, 2-aminopyrimidine was detected in the crude reaction mixture.  
We also observed aminopyrimidine 10 if only 2-bromopyrimidine undergoes an optimised 
reaction conditions, probably via pyridine ring rearrangement but we were not able to confirm 
it. However, if no additives, only 1 equiv. Na2CO3 or [RuCl2(p-cymene)]2 were used, by-
product 10 was not detected (Figure 1). This side reaction can explain much lower conversions 
of 1a with pyrimidyl halides and chloropyrazine (Table 6, Entries 6–9), which are more prone 
to nucleophilic substitution in comparison to other heteroaryl halides. 
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Table 6: The scope of the ortho-C–H bond functionalisation of 1a with heteroaryl halides.a 
aReagents and conditions: 1a (0.25 mmol), heteroaryl halide (0.75 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), 
Na2CO3 (0.75 mmol), H2O (1 mL), argon. bConversion and ratio determined by 1H NMR analysis of the crude 
reaction mixture. cIsolated yield. MW = microwave heating. 
Entry Het-X Conv.b (%) 6/7/8 b Yield 6 (%)c Yield 7 (%)c Yield 8 (%)c 
1 
 
90 65/35/0 6a; (34%) 7a; (23%) / 
2 
 
85 60/40/0 / / / 
3 
 
100 0/95/5 / 7b; (60%) / 
4 
 
100 0/100/0 / 7c; (88%) / 
5 
 
97 0/100/0 / 7d; (45%) / 
6 
 
30 100/0/0 /  / / 
7 
 
45 95/5/0 6e; (36%) 7e; (3%) / 
8 
 
21 100/0/0 6f; (19%) / / 
9 
 
60 75/25/0 6g; (38%) / / 
10 
 
100 0/85/15 / 7h; (41%) 8h; (11%) 
11 
 
99 0/85/15 / 7i; (63%) 8i; (14%) 
12 
 
98 0/85/15 / 7j; (61%) 8j; (22%) 
13 
 
90 20/80/0 6k; (19%) 7k; (30%) / 






Figure 1: 1H NMR spectra of influence of different conditions on the formation of the aminopyrimidine 10. Red: 
bromopyridine 9, blue: aminopyrimidine 10, green: phenylpyrimidine 1a, purple: di(pyrimidin-2-yl)benzene 6e. 
We also tried the reaction with different five-membered heteroaryl bromides. In contrast to 
pyrimidyl and pyrazyl halides, they showed good reactivity with phenylpyrimidine 1a with 
nearly quantitative conversions. The diarylated products 7h–j were isolated in moderate yields 
(41–63%) as well as a small isolable amount of the dimers 8h–j (11–22%), while monoarylated 
products were not detected (Table 6, Entries 10–12). Interestingly, in the case of                                      
2-bromofurane, a diarylated product 7k was isolated in a 30% yield as well as a small quantity 
(19%) of the monoarylated 6k (Table 6, Entry 13). 
Finally, we implemented 2-arylpyrimidine 11, which contained substituents on pyrimidine 
(methyl group) and also on the phenyl (trifluoromethyl group) ring. The reactions were 
performed under the same reaction conditions as for the arylation reaction (Table 4). Different 
coupling agents 4-bromoacetophenone, 4-bromoanisole and 2-bromo-3-methylpyridine were 








Na2CO3 (1 equiv.) 
[RuCl2(p-cymene)]2 (1.7 mol%) 
[RuCl2(p-cymene)]2 (1.7 mol%), PPh3 (3.3 mol%), 






Crude reaction mixture as in 
Table 6, Entry 6. 
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Scheme 53: Diarylation of 2-arylpyrimidine 11 with substitution on the pyrimidine ring. Reagents and conditions: 
1 (0.25 mmol), aryl bromide (0.75 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), Na2CO3 (0.75 mmol), PCCA (0.05 
mmol), PPh3 (0.025 mmol), H2O (1 mL), argon. 
3.3.5 The Mechanistic Study of the C–H Bond Arylation of 2-Phenylpyrimidines 
Given the unique features of our ruthenium-catalysed C–H bond functionalization process, 
we performed mechanistic studies to delineate its mode of action. We performed a kinetic study 
of the model reaction between 1a and 4-bromotoluen at 180 °C in water catalysed by our 
optimised catalytic system [RuCl2(p-cymene)]2 (5 mol%)/PCCA (40 mol%)/PPh3 (20 mol%) 
under microwave reaction conditions. Notably, the study showed significant benefits of 
microwave irradiation on the reaction conversion than we had assumed. The reaction was very 
fast and reached an 87% conversion with the formation of 2a/3a/4a in the ratio of 60/32/8 
instantly after the mixture reached 180 °C (~3 min) (Figure 2).  
 
Figure 2: The time profile of the reaction of 1a with 4-bromotoluene. The ratio was determined by 1H NMR 
of the crude reaction mixture. 




The next 7 minutes of heating resulted in nearly quantitative conversion with a 4/90/6 ratio of 
2a/3a/4a. We were not able to detect the monoarylated product 2a after an additional 20 min 
of heating. Surprisingly, after 5 min, the homocoupling product 4a was formed in a significant 
amount (10%) and stayed at this amount during the whole course of the reaction. 
Table 7: Characterisation of product 1a–4a, 1a-1a and 1a-2a by HRMS and 1H NMR 
However, all possible products of homo-coupling were formed if reactions were done at 130 
°C for 30 min (Figure 3). The compounds 1a, 2a, 3a, and 4a were fully characterised. Although, 
the dimer 1a-1a was prepared independently following the procedure reported by Guo and                 
co-workers,115 while products 1a-2a were determined only by HRMS analysis of the crude 
reaction mixture (Table 7). 
 
Figure 3: The part of 1H NMR of the crude reaction mixture of 1a with 4-bromotoluene after 0.5 h reaction time 
at 130 °C.  
Entry Compound δ (ppm) (H-4,6 of pyrimidine) [M+H]+ HRMS det. HRMS calcd. 
1 1a 8.81 C10H9N2 157.0760 157.0760 
2 2a 8.65 C17H15N2 247.1222 247.1230 
3 3a 8.47 C24H21N2 337.1693 337.1699 
4 4a 8.49 C34H27N4 491.2237 491.2230 
5 1a-1a 8.40 C20H15N4 311.1294 311.1291 
6 1a-2a 8.50 and 8.23 C27H21N4 401.1763 401.1761 
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Figure 4: Part of 1H NMR of the crude reaction mixture after D/H exchange in D2O at 130°C for 5 min. 
We conducted a detailed mechanism study of the C–H bond activation of 2-phenylpyrimidine 
started with deuterium exchange studies. First, we took phenylpyrimidine 1a and reacted it with 
the optimised catalytic system in 1:1 mixture of H2O and D2O at 130 °C for 15 min under MW 
reaction condition. According to the NMR analysis of the crude reaction mixture, 46% of ortho 
hydrogens on the phenyl ring were exchanged with deuterium. This suggested that the C–H 
bond activation is reversible by nature. Next, we did the same reaction with pyrimidine 1b in 
pure D2O at different temperatures and time. If the reaction was performed at 130 °C for 5 min, 
only ortho hydrogens were exchanged. As we assumed the exchange proceeded more 
efficiently at the less hindered site, with the 83% hydrogen exchange. On the other hand, only 
16% of hydrogen was exchanged with deuterium on the more sterically demanded ortho-C–H 
bond (Figure 4, Table 8). Isotope exchange experiments showed that steric interactions were 
largely governing the site-selectivity of the C–H bond functionalization process. Notably, a fast 
deuterium/proton exchanges proceed in only 5 min even at a low temperature, thus indicating 










Figure 5: A part of 1H NMR of the crude reaction mixture after a D/H exchange in D2O at 180°C for 30 min. 
If the temperature was elevated to 180 °C and the reaction mixture was heated for 30 min both 
ortho hydrogens were exchanged with deuterium (95%). More interestingly, we noticed that  
H-4,6 and H-5 proton on the pyrimidine ring exchanged with deuterium as well. Noteworthy, 
an H/D exchange did not occur in the absence of the catalyst (Figure 5, Table 8). Based on these 
mechanistic studies, we propose a reversible chelation-assisted C(sp2)–H bond ruthenation.  
Table 8: Deuterium exchange experiments.a 
 
% incorporation of deuterium in the given positionb 
 H-4 H-5 H-6 H-2’ H-6’ 
130°C, 5 min 0 0 0 16 83 
180°C, 30 min 75 43 75 95 95 
aReagents and conditions: 1b (0.25 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), Na2CO3 (0.75 mmol), PCCA (0.05 
mmol), PPh3 (0.025 mmol), D2O (1 mL), argon. bLabelling assigned by 1H NMR. 
 Inspired by the research of Dixneuf and co-workers we prepared and isolated metallacycle 13 
from the reaction between 1a and 2 equiv. of [RuCl3(p-cymene)]2116,117 in the presence of 4 
equiv. of KOPiv as a base. The desired ruthenacycle 13 was isolated with a 90% yield. 
Unfortunatly, we were not able to prepare single crystals of compound 13 due to its resinous 
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Scheme 54: The synthesis of a cyclometallated complex 13 
 We further used this ruthenacycle 13 as a catalyst in the catalytic reaction of the C–H 
arylation. It successfully catalysed the arylation of 1a with 4-bromotoluene and exhibited the 
same catalytic activities as [RuCl3(p-cymene)]2 at the optimised reaction conditions (Scheme 
55 vs Table 1, Entry 8). 
 
Scheme 55: The catalysis with a cyclometallated complex 13. 
To achieve a detailed overview of the mechanism of the C–H bond activation on 
phenylpyrimidines 1, we also carried out some reactions with a radical scavenger (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO). The reactions were performed under the established 
reaction condition with the addition of 1 equivalent of TEMPO.  
Table 9: The C–H bond arylation of a phenylpyrimidine 1a with the addition of a radical scavanger TEMPO.a 
 
aReagents and conditions: 1b (0.25 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol), Na2CO3 (0.75 mmol), PCCA (0.05 
mmol), PPh3 (0.025 mmol), TEMPO (1 equiv.), H2O (1 mL), argon. Conversion and ration were determined by 
1H NMR of the crude reaction mixture.  
In all examples the reaction was significantly inhibited by the radical scavenger TEMPO, 
providing strong support for a kinetically relevant SET-type C–Hal cleavage (Table 9, Entries 
  Without TEMPO With TEMPO 
Entry R Conv. 2/3 Conv. 2/3 
1 NMe2 100 0/100 46 40/60 
2 OMe 100 0/100 0 / 
3 Me 100 0/100 0 / 
4 COMe 100 0/100 9 100/0 




2–4). On the other hand, the reaction with 4-bromo-N,N-dimethylaniline resulted in a 46% 
conversion (Table 9, Entry 1), indicating that if radical intermediates are produced, they must 
be short-lived to escape the capture by TEMPO.  
To probe the electronic effect on the arylation in water under the microwave heating 
conditions, Hammett correlation experiments were done. First an equimolar amount of 
phenylpyrimidine 1a and an electronically different set of the meta-substituted 
phenylpyrimidines 1b–f were reacted with an excess of 4-bromotoluene 2.5 equiv. for each 
phenylpyrimidine. Conversions for phenylpyrimidine and substituted analogues were 
determined by the 1H NMR spectroscopy of the crude reaction mixture. We calculated the 






Table 10: The Hammett correlation plot calculation. 
 






The Hammett correlation plot resulted in a linear fit with a positive slope of ρ = 0.25, indicating 
that electron-withdrawing groups facilitate the reaction. This study gave information about the 
relative reactivity of the two substrates by comparing the relative conversions of each substrate. 
The data were also analysed by using σ+ as well as σ– parameters; however, the best correlation 
was observed when the original Hammett σ parameters were used.   
 
R σp conv. R conv. H log(conv. R/conv. H) 
OMe –0,27 0,728 0,965 –0.1224 
Me –0,17 0,804 0,985 –0.0880 
F 0,05 0,946 0,934 0.0056 
Cl 0,23 0,681 0,707 –0.0165 
F3C 0,54 0,535 0,429 0.0956 
H 0 1 1 0 
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Graph 1: The Hammet plot of 2(m-R-C6H4)pyrimidines 1b–f with 4-bromotoluene. 









Next, we carried out the reaction of sterically more demanding methyl-containing 
phenylpyrimidine 1b with an equimolar amount of bromobenzene and electronically different 
para-substituted aryl bromides. The reactions were carried out using the optimised catalytic 
system at 150 °C for 15 min. Conversions of the substrate 1b were determined by the 1H NMR 
spectroscopy of the crude reaction mixture (Table 11). The data plotted in Graph 2 represent a 
V-shaped Hammett plot.118–121 The plot shows two segments with different ρ value (ρ(EDG) = 
R σp conv. R conv. H log(conv. R/conv. H) 
NMe2 –0.83 0.74 0.10 0.8692 
OMe -0.27 0.70 0.20 0.5441 
Me –0.17 0.24 0.11 0.3388 
H 0 1 1 0 
F 0.05 0.17 0.16 0.02639 
COMe 0.5 0.47 0.13 0.5582 
F3C 0.54 0.24 0.07 0.53511 




–1.0, ρ(EWG) = +1.1), and they are relatively small and must be interpreted with caution. 
Hammett plots with a featuring minimum (Graph 2) are commonly interpreted as a competition 
between two reaction mechanisms or rate-determining steps, which change at the transition 
from electron-donating to electron-withdrawing substituents on aryl bromide.119 
 
Graph 2: The Hammett plot of a methyl-pyrimidine 1b with p-R-C6H4Br. 
To collect additional information on the reaction mechanism, competition experiments were 
performed, where 4-bromoacethophenone and 4-bromo-N,N-dimethylaniline were reacted with 
different meta-substituted phenylpyrimidines (Table 12).  






  Selectivity 
R σp NMe2 COMe 
OMe -0.27 1.4 1 
Me –0.17 1.4 1 
F 0.05 2.0 1 
F3C 0.54 2.4 1 
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Graph 3: Hammett selectivity plot. 
It was observed that all four phenylpyrimidines with electron-donating (1b,d) and electron-
withdrawing (1c,e) groups gave a higher conversion with 4-bromo-N,N-dimethylaniline. 
However, the arylation selectivity was more evident in reactions with electron-withdrawing 
groups F3C (1c) and F (1e). Additionally, the selectivity decreased close to 1:1 when the 
electron-donating groups Me (1b) and OMe (1d) were on phenylpyrimidine (Table 12). These 
results suggest that the electronic nature of the substituent on the substrate has a larger influence 
on the arylation than a substituent on aryl bromide. If electronic properties of a substituent on 
aryl bromides have a more prominent effect on the arylation, the reaction with an electron-poor 
4-bromoacetophenone will react faster with the phenylpyrimidines 1b and 1d having electron-
donating groups.122 
3.3.6 A Proposed Mechanism 
Based on the experiments mentioned above, we proposed a mechanism for the Ru(II) catalysed 
C–H bond (hetero)arylation of phenylpyrimidine and its substituted analogues under 
microwave irradiation in water. The coordination of pyrimidine 14 to the Ru(II) metal centre is 
followed by a carboxylate assisted reversible cyclometallation. This step leads to complex 15 
via the concerted-metalation-deprotonation (CMD) mechanism.38,39,51 The next step in a 
catalytic cycle is the oxidative addition of aryl bromide followed by reductive elimination to 




give arylated product 18 and a regenerated Ru(II) catalyst. As shown in Scheme 56 the C–H 
bond deprotonation is reversible, and it is not the rate-determining step.  
 
Scheme 56: A proposed mechanism. 
According to the Hammett plot in Graph 1 and the region in the left in Graph 2, it is suggested 
that the reductive elimination is a rate-determining step. The process of the arylation goes 
through the transition state 17, where a developing negative charge is stabilised by electron-
withdrawing meta-substituents (e.g. R = COMe) on the pyrimidine substrate. If an oxidative 
addition of aryl bromide to 15 is the rate-determining step, the Hammett plot in Graph 2 should 
be a straight line with a positive ρ value. This comes from the accelerating effect of electron-
withdrawing substituents on the aryl bromide oxidative addition. The V-shaped Hammett plot 
which was shown in Graph 2, suggests that the rate-determining step was changed depending 
on the substituents on aryl bromides.122According to the obtained results that a dominating 
effect comes from the electronic nature of the substituents R on the phenylpyrimidines. 
Moreover, the reaction is also accelerated by the electron-withdrawing nature of the substituents 
R’ on the aryl bromide. 
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3.4 Conclusion 
In summary, we developed a methodology for the diarylation and the synthesis of ortho-
di(hetero)arylated 2-phenylpyrimidines with simple, versatile, efficient and highly selective 
microwave-assisted Ru(II)-catalysed C–H bond activation in water as a green solvent. The 
microwave irradiation strongly accelerates the C–H bond (hetero)arylation and proceeds 
equally with electron-rich as well as electron-poor aryl bromides. On the other hand, the 
reaction proceeds in a highly selective manner at the less hindered C–H bonds of meta-
substituted phenylpyrimidines. The benefits of the side-selectivity were used in the sequential 
synthesis of the trifunctional (hetero)arylated product.   
The method was also applied for the heteroarylation with five-membered oxa- and 
thiaheterocycles with good yields. The arylation reaction of 4-methyl-2-(4-
(trifluoromethyl)phenyl)pyrimidine gave a selective diarylated product; the presence of a 
methyl group next to the pyrimidine nitrogen group does not have any effect on the C–H 
functionalization process.  
The developed methodology proceeds through a high site-selective C–H bond cleavage via a 
five-membered ruthenium metalacyclic intermediate. Detailed mechanistic experiments 
suggest that the rate-determining step is the reductive elimination process and that the nature of 
meta-substituents on arylpyrimidines has a dominating effect on the arylation process.       
         
  




3.5 Experimental Section 
General Information 
All reagents were commercial-grade used without further purification. Reactions were 
monitored by analytical thin-layer chromatography (TLC) on Fluka silica gel TLC. Column 
chromatography was performed on 230–400 mesh silica gel. Merck silica gel 60 PF254 
containing gypsum was used to prepare chromatotron plates. Radial chromatography was 
performed with a Harrison Research chromatotron, model 7924 T. Melting points were 
determined on a Kofler micro hot stage instrument and with SRS OptiMelt MPA100-
Automated Melting Point System and are uncorrected. The NMR spectroscopy data were 
recorded at 296 K with Bruker Advance III 500 MHz for 1H NMR and 126 MHz for 13C NMR. 
All NMR data were recorded in a CDCl3 and are given in ppm (δ). Chemical shifts for 1H NMR 
were referenced to TMS as an internal standard. The 13C NMR data are referenced against the 
central line of the CHCl3 triplet at δ 77.16 ppm. The coupling constants are given in Hertz (Hz). 
For the multiplicity signification, the standard abbreviation was used: s (singlet), d (doublet), t 
(triplet), q (quartet), sept (septet), m (multiplet), and br (broad). IR spectra were obtained with 
a Bruker ALPHA FT-IR spectrophotometer and reported in reciprocal centimeters (cm-1). High-
resolution mass spectra were recorded with an Agilent 6224 Accurate Mass TOF LC/MS 
instrument. Elemental analysis (C, H, N) were performed with a Perkin-Elmer 2400 Series II 
CHNS/O Analyzer. The reactions with microwave heating were performed with a CEM 
Discovery Microwave. The machine consists of a continuous, focused-microwave, power-
delivery system with an operator-selectable power output from 0 to 300 W. Reactions were 
performed in glass vessels (capacity 10 mL) sealed with a septum. The pressure was controlled 
by a load cell connected to the vessel via the septum. The temperature of the content of the 
vessel was monitored using a calibrated, infrared, temperature controller mounted under the 
reaction vessel. All the mixtures were stirred with a Teflon-coated, magnetic stirring bar in the 
vessel. A ramp temperature of 5 min was set for each experiment. 
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3.5.1 Experimental Procedures 
Synthesis of Starting Pyrimidines 1a–g: 
General Procedure  
Compounds 1a–f were prepared by following slightly modified literature procedure for Suzuki 
cross-coupling reaction.123 A thick wall vessel was loaded with 2-chloropyrimidine (500 mg, 
4.36 mmol) or 2-bromopyrimidine (693 mg, 4.36 mmol), corresponding phenylboronic acid 
(6.54 mmol), Pd(OAc)2 (49 mg, 0.22 mmol), PPh3 (115 mg, 0.44 mmol), and K2CO3 (1.81 g, 
13.08 mmol). The mixture was suspended in 1,4-dioxane/H2O (8 mL : 2 mL) solvent mixture, 
bubbled with Ar for 3 min and heated at 100 °C for 24 h. The reaction mixture was then cooled 
to room temperature and diluted with 10 mL DCM and 10 mL H2O. The product was extracted 
with DCM (2 x 10 mL). The combined organic phases were dried over anh. Na2SO4, filtered 
and evaporated in vacuo. The crude product was further purified by column chromatography 
on silica gel using a mixture of EtOAc and petroleum ether.  
 
2-Phenylpyrimidine (1a) 
General procedure was followed using 2-chloropyrimidine (500 mg, 4.36 mmol) and 
phenylboronic acid (797 mg, 6.54 mmol) to give 1a (539 mg, 3.44 mmol, 79%) as a 
colorless solid after column chromatography (petroleum ether/EtOAc 30:1 then 10:1). 
Mp. 33–36 °C (lit.2 36–37 °C). 1H NMR (500 MHz, CDCl3): δ 8.81 (d, J = 5.0 Hz, 
2H), 8.46–8.43 (m, 2H), 7.50–7.48 (m, 3H), 7.18 (t, J = 5.0 Hz, 1H). 13C NMR (126 MHz, 
CDCl3): δ 164.8, 157.3, 137.6, 130.9, 128.7 128.2, 119.2. HRMS (ESI) calcd for C10H9N2 
[M+H]+: 157.0760 found: 157.0760. FT-IR (ATR); νmax/cm-1 3065, 3036, 2963, 1565, 1553, 




General procedure was followed using 2-chloropyrimidine (500 mg, 4.36 mmol) 
and 3-methylphenylboronic acid (889 mg, 6.54 mmol) to give 1b (474 mg, 2.79 
mmol, 64%) as a pale yellow oil after column chromatography (petroleum 
ether/EtOAc 5:1). 1H NMR (500 MHz, CDCl3): δ 8.81 (d, J = 4.8 Hz, 2H), 8.26 (br 
s, 1H), 8.24 (br d, 1H), 7.39 (t, J = 7.6 Hz, 1H), 7.31 (br d, J = 7.5 Hz, 1H), 7.19 (t, J = 4.8 Hz, 
1H), 2.45 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 165.0, 157.3, 138.4, 137.6, 131.7, 128.8, 




128.7, 125.4, 119.1, 21.6. HRMS (ESI) calcd for C11H11N2 [M+H]+: 171.0917, found: 
171.0917. FT-IR (ATR); νmax/cm-1 3034, 2917, 1567, 1552, 1420, 1406, 1322, 1292, 1083, 
771, 734, 693. Analytical data are in agreement with the literature data.124   
 
2-(3-(Trifluoromethyl)phenyl)pyrimidine (1c) 
General procedure was followed using 2-bromopyrimidine (693 mg, 4.36 mmol) 
and 3-trifluoromethylphenylboronic acid (1.24 g, 6.54 mmol) to give 1c (879 mg, 
3.92 mmol, 90%) as a yellow oil after column chromatography (petroleum 
ether/EtOAc 5:1). 1H NMR (500 MHz, CDCl3): δ 8.85 (d, J = 4.8 Hz, 2H), 8.76 
(br s, 1H), 8.65 (dt, J = 8.0, 1.4 Hz, 1H), 7.75 (dt, J = 7.9, 0.9 Hz, 1H), 7.62 (t, J = 7.9 Hz, 1H), 
7.26 (t, J = 4.8 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 163.5, 157.5, 138.5, 131.4, 131.3 (q, 
J = 32.5 Hz), 129.2, 128.3 (q, J = 272.1 Hz), 127.4 (q, J = 3.7 Hz), 125.3 (q, J = 3.9 Hz), 119.9. 
HRMS (ESI) calcd for C11H8F3N2 [M+H]+: 225.0634, found: 225.0634. FT-IR (ATR); 
νmax/cm-1 3082, 3038, 2957, 1614, 1557, 1492, 1458, 1412, 1339, 1278, 1108, 788, 695, 668. 
Analytical data are in agreement with the literature data.125   
 
2-(3-Methoxyphenyl)pyrimidine (1d) 
General procedure was followed using 2-chloropyrimidine (500 mg, 4.36 mmol) 
and 3-methoxyphenylboronic acid (994 mg, 6.54 mmol) to give 1d (649 mg, 3.49 
mmol, 80%) as a yellow oil after column chromatography (petroleum ether/EtOAc 
30:1 then 10:1). 1H NMR (500 MHz, CDCl3): δ 8.81 (d, J = 4.8 Hz, 2H), 8.05 (dt, 
J = 7.7, 1.3 Hz, 1H), 8.01 (dd, J = 2.7, 1.5 Hz, 1H), 7.41 (t, J = 7.9 Hz, 1H), 7.19 (t, J = 4.8 Hz, 
1H), 7.05 (ddd, J = 8.2, 2.8, 1.0 Hz, 1H), 3.91 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 164.7, 
160.1, 157.4, 139.1, 129.8, 120.8, 119.3, 117.7, 112.6, 55.6. HRMS (ESI) calcd for C11H11N2O 
[M+H]+: 187.0866, found: 187.0866. FT-IR (ATR); νmax/cm-1 3075, 3036, 3001, 2834, 1599, 
1567, 1522, 1488, 1407, 1287, 1231, 1218, 1037, 875, 775, 732, 689. Analytical data are in 
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2-(3-Fluorophenyl)pyrimidine (1e) 
General procedure was followed using 2-chloropyrimidine (500 mg, 4.36 mmol) 
and 3-fluorophenylboronic acid (915 mg, 6.54 mmol) to give 1e (554 mg, 3.18 mmol, 
73%) as a white crystal after column chromatography (petroleum ether/EtOAc 10:1 
then 7:1). Mp. 44–46 °C (lit.2 43–44 °C). 1H NMR (500 MHz, CDCl3): δ 8.82 (d, J 
= 4.8 Hz, 2H), 8.25 (ddd, J = 7.8, 1.6, 1.0 Hz, 1H), 8.16 (ddd, J = 10.3, 2.7, 1.5 Hz, 1H), 7.46 
(td, J = 8.0, 5.8 Hz, 1H), 7.23 (t, J = 4.8 Hz, 1H), 7.19 (tdd, J = 8.2, 2.7, 1.0 Hz, 1H), 1.62 (s, 
1H). 13C NMR (126 MHz, CDCl3): δ 163.7 (d, J = 3.2 Hz), 163.4 (d, J = 245.3 Hz), 157.4, 
140.1 (d, J = 7.8 Hz), 130.2 (d, J = 7.8 Hz), 123.9 (d, J = 2.8 Hz), 119.7, 117.8 (d, J = 21.5 Hz), 
115.2 (d, J = 23.4 Hz). HRMS (ESI) calcd for C10H8FN2 [M+H]+: 175.0666, found: 175.0668. 
FT-IR (ATR); νmax/cm-1 3077, 3042, 2964, 1569, 1551, 1408, 1279, 1188, 1082, 885, 817, 773, 
734, 681, 634. Analytical data are in agreement with the literature data.124   
 
2-(3-Chlorophenyl)pyrimidine (1f) 
General procedure was followed using 2-bromopyrimidine (693 mg, 4.36 mmol) 
and 3-chlorophenylboronic acid (1.02 g, 6.54 mmol) to give 1f (707 mg, 3.71 mmol, 
85%) as a white solid after column chromatography (petroleum ether/EtOAc 20:1 
then 10:1). Mp. 55–57 °C. 1H NMR (500 MHz, CDCl3): δ 8.81 (d, J = 4.8 Hz, 2H), 
8.46 (t, J = 1.7 Hz, 1H), 8.34 (dt, J = 7.5, 1.5 Hz, 1H), 7.46 (ddd, J = 8.0, 2.1, 1.4 Hz, 1H), 
7.45–7.39 (m, 1H), 7.22 (t, J = 4.8 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 163.6, 157.5, 
139.5, 134.9, 130.9, 130.0, 128.4, 126.3, 119.7. HRMS (ESI) calcd for C10H8ClN2 [M+H]+: 
191.0371, found: 191.0369. FT-IR (ATR); νmax/cm-1 3130, 3117, 3070, 3032, 2959, 1595, 
1564, 1547, 1417, 1404, 1072, 771, 698, 679. Analytical data are in agreement with the 
literature data.125 
 
Synthesis of 4-Methyl-2-(4-(trifluoromethyl)phenyl)pyrimidine (11) 
 
Compounds 11 was prepared by following a slightly modified literature procedure.126,127 A 
Schlenk tube was loaded with 4-(trifluoromethyl)benzonitrile (1.71 g, 10 mmol), which was 




dissolved in 30 mL mixture of MeOH/toluene (1:14) under argon. Hydroxylamine 
hydrochloride (0.77 g, 11 mmol) and potassium tert-butoxide (1.28 g, 11.5 mmol) were added. 
The mixture was heated at 75°C for 46 h. After that solvent was evaporated under reduced 
pressure. Water (20 mL) and DCM (20 mL) were added to the residue. Phases were separated, 
and the water phase was extracted with DCM (4 x 20 mL). The combined organic phases were 
dried over anh. Na2SO4, filtered and evaporated in vacuo. The product was further dissolved in 
AcOH (40 mL), and to this solution, Ac2O (1 mL) and Pd/C (0.25 g) were added. The mixture 
was further hydrogenated (3 bar of H2) at r. t. for 3 h. Pd/C were filtered off and rinsed with 
AcOH (5 mL), and the filtrate was evaporated in vacuo. The crude product was triturated with 
Et2O (30 mL), and the solid product was filtered off, washed with Et2O (2 x 10 mL) and 
petroleum ether (2 x 10 mL) and dried to get the acetic acid salt of amidine intermediate (1.8 g, 
7.3 mmol, 73%), which were placed into dry Schlenk tube. After the reaction vessel was 
evacuated and charged with nitrogen gas three times, anhydrous MeOH (4.0 mL) and 4,4-
dimethoxy-2-butanone (1.06 g, 8 mmol) were added into the flask, and then the resulting 
mixture was warmed to 50°C. To the solution was added dropwise a 1.2 M solution of NaOMe 
(12.5 mL, 15 mmol), which was freshly prepared from sodium (1.25 g, 54 mg-atom) and 
anhydrous MeOH (45 mL) at 50°C for 2 h.  After stirring at 50°C for 15 h, the mixture was 
cooled to room temperature, water (40 mL) and EtOAc (40 mL) were added. Phases were 
separated, and the aqueous phase was extracted with EtOAc (3 x 40 mL). The combined organic 
phases were dried over anh. Na2SO4, filtered and evaporated in vacuo to get phenylpyrimidine 
11 (1.5 g, 6.4 mmol, 64% total yield) as a light orange solid. Mp. 146–149 °C. 1H NMR (500 
MHz, CDCl3): δ 8.68 (d, J = 5.0 Hz, 1H), 8.60 – 8.50 (m, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.11 
(d, J = 5.1 Hz, 1H), 2.61 (s, 3H). HRMS (ESI) calcd for C12H10F3N2 [M+H]+: 239.0791, found: 
239.0788. FT-IR (ATR); νmax/cm-1 3370, 3171, 1554, 1442, 1409, 1316, 1160, 1099, 1061, 
1015, 858, 827, 788, 721, 665, 617. Analytical data are in agreement with the literature data.127    
 
(Hetero)arylation of 2-Arylpyrimidines 
Synthesis of 2-(4'-Methyl-[1,1'-biphenyl]-2-yl)pyrimidine (2a) 
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A microwave vial was loaded with 2-phenylpyrimidine 1a (39 mg, 0.25 mmol), 4-
bromotoluene (77 µL, 0.625 mmol), [RuCl2(p-cymene)]2 (7.5 mg,  0.0125 mmol), KOPiv (7.0 
mg, 0,05 mmol), and Na2CO3 (78 mg, 0.75 mmol). The mixture was suspended in H2O (1 mL), 
bubbled with Ar for 3 min and heated to 180 °C under the microwave irradiation (max 15 W) 
for 30 min. The reaction mixture was then cooled to room temperature and diluted with 5 mL 
DCM and 5 mL H2O. The product was extracted with DCM (2 x 5 mL). The combined organic 
phases were dried over anh. Na2SO4, filtered and evaporated in vacuo. The crude product was 
further purified by radial chromatography on silica gel (petroleum ether/Et2O 3/2) to give 2a 
(18 mg, 0,045 mmol, 18%) as a pale solid. Mp. 79–82 °C (lit.128 82–83 °C). 1H NMR (500 
MHz, CDCl3): δ 8.64 (d, J = 4.9 Hz, 2H), 7.76 (dd, J = 7.4, 1.4 Hz, 1H), 7.53–7.39 (m, 3H), 
7.09 (t, J = 4.9 Hz, 1H), 7.03 (s, 4H), 2.31 (s, 3H). HRMS (ESI) calcd for C17H15N2 [M+H]+: 
247.1230, found: 247.1239. FT-IR (ATR); νmax/cm-1 3029, 2863, 1564, 1551, 1411, 818, 754, 
631. Analytical data are in agreement with the literature data.128    
 
General Procedure 
   
A microwave vial was loaded with 2-phenylpyrimidine 1a–f (0.25 mmol), aryl bromide (0.625 
mmol) or heteroaryl halide (0.75 mmol), [RuCl2(p-cymene)]2 (7.5 mg,  0.0125 mmol), PPh3 
(6.5 mg, 0.025 mmol), 1-phenyl-1-cyclopentanecarboxylic acid (PCCA) (9.5 mg, 0,05 mmol), 
and Na2CO3 (78 mg, 0.75 mmol). The mixture was suspended in H2O (1 mL), bubbled with Ar 
for 3 min and heated to 180 °C under the microwave irradiation (max 15 W) for the indicated 
time. The reaction mixture was then cooled to room temperature and diluted with 5 mL DCM 
and 5 mL H2O. The product was extracted with DCM (2 x 5 mL). The combined organic phases 
were dried over anh. Na2SO4, filtered and evaporated in vacuo. The crude product was further 
purified by radial chromatography on silica gel using a mixture of DCM and MeOH. 
 
2-(4,4''-Dimethyl-[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3a) and 2,2'-(4,4'''-Dimethyl-
[1,1':3',1'':3'',1'''-quaterphenyl]-2',2''-diyl)dipyrimidine (4a) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 4-
bromotoluene (77 µL, 0.625 mmol) to give 3a (72 mg, 0.215 mmol, 86%) as a white solid and 




4a (2 mg, 0.004 mmol, 3%) as a white solid after radial chromatography (DCM/MeOH 200/1). 
Reaction time 30 min. 
Data for 3a. 
Mp. 194–197 °C. 1H NMR (500 MHz, CDCl3): δ 8.47 (d, J = 5.0 
Hz, 2H), 7.54 (dd, J = 7.0, 8.5 Hz, 1H), 7.43 (d, J = 7.5 Hz, 2H), 
7.03–6.99 (m, 4H), 6.98–6.94 (m, 4H), 6.93 (t, J = 5.0 Hz, 1H), 2.27 
(s, 6H). 13C NMR (126 MHz, CDCl3): δ 168.5, 156.2, 141.5, 138.6, 
137.6, 136.1, 129.3, 129.1, 128.8, 128.7, 118.1, 21.2. HRMS (ESI) calcd for C24H21N2 [M+H]+: 
337.1699, found: 337.1706. FT-IR (ATR); νmax/cm-1 3027, 2916, 2855, 1566, 1553, 1515, 
1455, 1415, 1394, 825, 811, 797, 767, 747, 632. Elemental analysis calcd (%) for C24H20N2: 
C 85.68, H 5.99, N 8.33; found: C 85.26, H 5.81, N 8.26. 
Data for 4a. 
Mp. 230–233 °C. 1H NMR (500 MHz, CDCl3): δ 8.50 (d, J 
= 4.9 Hz, 4H), 7.27 (dd, J = 7.7, 1.3 Hz, 2H), 7.12 (t, J = 7.7 
Hz, 2H), 7.05–7.00 (m, 4H), 6.98–6.94 (m, 4H), 6.91 (t, J = 
4.9 Hz, 2H), 6.86 (dd, J = 7.8, 1.2 Hz, 2H), 2.25 (s, 6H). 13C 
NMR (126 MHz, CDCl3): δ 168.1, 156.2, 141.4, 140.5, 138.7, 
138.3, 136.0, 129.6, 129.3, 128.8, 128.7, 127.5, 118.0, 21.2. HRMS (ESI) calcd for C34H27N4 
[M+H]+: 491.2230, found: 491.2235. FT-IR (ATR); νmax/cm-1 3027, 2920, 2226, 1555, 1514, 
1449, 1395, 906, 796, 723, 634.  
 
2-([1,1':3',1''-Terphenyl]-2'-yl)pyrimidine (3b) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 
0.25 mmol) and bromobenzene (66 µL, 0.625 mmol) to give 3b (65 mg, 
0.21 mmol, 85%) as a white solid after radial chromatography 
(DCM/MeOH 200/1). Reaction time 30 min. Mp. 137–140 °C (lit.6 146–
148 °C).  1H NMR (500 MHz, CDCl3): δ 8.44 (d, J = 4.9 Hz, 2H), 7.55 (dd, J = 8.3, 6.9 Hz, 
1H), 7.49–7.38 (m, 2H), 7.21–7.07 (m, 10H), 6.90 (t, J = 4.9 Hz, 1H). 13C NMR (126 MHz, 
CDCl3): δ 168.2, 156.1, 141.6, 141.4, 137.7, 129.4, 129.3, 128.8, 127.9, 126.5, 118.2. HRMS 
(ESI) calcd for C22H17N2 [M+H]+: 309.1386, found: 309.1388. FT-IR (ATR); νmax/cm-1 3058, 
3024, 1561, 1552, 1399, 761, 751, 699. Elemental analysis calcd (%) for C22H16N2 × 0.07 
CH2Cl2: C 84.31, H 5.17, N 8.91; found: C 84.39, H 4.99, N 8.94. Analytical data are in 
agreement with the literature data.129   
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2-(4,4''-di-tert-butyl-[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3c) 
General procedure was followed using 2-phenylpyrimidine 1a 
(39 mg, 0.25 mmol) and 1-bromo-4-tert-butylbenzene (87 µL, 
0.625 mmol) to give 3c (76 mg, 0.180 mmol, 72%) as a white solid 
after radial chromatography (DCM/MeOH 200/1). Reaction time 
30 min. Mp. 225–228 °C. 1H NMR (500 MHz, CDCl3): δ 8.44 (d, J = 4.9 Hz, 2H), 7.52 (dd, J 
= 8.5, 6.8 Hz, 1H), 7.46–7.40 (m, 2H), 7.19–7.14 (m, 4H), 7.07–7.00 (m, 4H), 6.90 (t, J = 4.9 
Hz, 1H), 1.25 (s, 18H). 13C NMR (126 MHz, CDCl3): δ 168.5, 156.1, 149.2, 141.4, 138.5, 
137.7, 129.3, 128.9, 128.7, 124.8, 118.1, 34.5, 31.4. HRMS (ESI) calcd for C30H33N2 [M+H]+: 
421.2638, found: 421.2634. FT-IR (ATR); νmax/cm-1 2949, 2900, 2863, 1556, 1460, 1392, 835, 
804, 759.  
 
2-(4,4''-Dimethoxy-[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3d) 
General procedure was followed using 2-phenylpyrimidine (1a) 
(39 mg, 0.25 mmol) and 4-bromoanisole (79 µL, 0.625 mmol) to 
give 3d (85 mg, 0.23 mmol, 92%) as a white solid after radial 
chromatography (DCM/MeOH 100/1). Reaction time 30 min. Mp. 
121–123 °C.  1H NMR (500 MHz, CDCl3): δ 8.48 (d, J = 4.9 Hz, 2H), 7.50 (dd, J = 8.3, 7.0 
Hz, 1H), 7.45–7.37 (m, 2H), 7.06–7.01 (m, 4H), 6.92 (t, J = 4.9 Hz, 1H), 6.73–6.68 (m, 4H), 
3.74 (s, 6H). 13C NMR (126 MHz, CDCl3): δ 168.5, 158.3, 156.3, 141.1, 137.7, 133.9, 130.3, 
129.1, 128.8, 118.1, 113.4, 55.2. HRMS (ESI) calcd for C24H21N2O2 [M+H]+: 369.1598, found: 
369.1598. FT-IR (ATR); νmax/cm-1 2961, 2931, 2836, 1607, 1579, 1552, 1512, 1456, 1440, 
1417, 1393, 1298, 1279, 1244, 1233, 1182, 1119, 1032, 1018, 847, 830, 802, 764, 744, 678, 
640, 631. Elemental analysis calcd (%) for C24H20N2O2 × 0.05 CH2Cl2: C 77.51, H 5.44, N 
7.52; found: C 77.57, H 5.30, N 7.56. 
 
N4,N4,N4'',N4''-Tetramethyl-2'-(pyrimidin-2-yl)-[1,1':3',1''-terphenyl]-4,4''-diamine (3e) 
General procedure was followed using 2-phenylpyrimidine (1a) 
(39 mg, 0.25 mmol) and 4-bromo-N,N-dimethylaniline (125 mg, 
0.625 mmol) to give 3e (40 mg, 0.10 mmol, 41%) as a white solid 
after radial chromatography (DCM/MeOH 50/1). Reaction time 
30 min. Mp. 269–272 °C. 1H NMR (500 MHz, CDCl3): δ 8.52 (d, J = 4.9 Hz, 2H), 7.47 (dd, J 
= 8.3, 7.0 Hz, 1H), 7.40–7.34 (m, 2H), 7.02–6.96 (m, 4H), 6.92 (t, J = 4.9 Hz, 1H), 6.56–6.50 




(m, 4H), 2.88 (s, 12H). 13C NMR (126 MHz, CDCl3): δ 169.1, 156.3, 149.1, 141.5, 137.5, 
130.0, 129.9, 128.7, 128.7, 118.0, 112.2, 40.7. HRMS (ESI) calcd for C26H27N4 [M+H]+: 
394.2157, found: 394.2158. FT-IR (ATR); νmax/cm-1 2922, 2852, 2795, 1608, 1582, 1553, 
1522, 1476, 1553, 1425, 1413,1398, 1352, 1227, 1203, 1169, 1129, 1110, 1061, 1037, 948, 907, 
823, 787, 760, 729,674, 652, 631, 609. 
 
2-(4,4''-Difluoro-[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3f) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 
mg, 0.25 mmol) and 1-bromo-4-fluorobenzene (69 µL, 0.625 mmol) 
to give 3f (75 mg, 0.218 mmol, 87%) as a white solid after radial 
chromatography (DCM/MeOH 200/1). Reaction time 30 min. Mp. 
119–122 °C. 1H NMR (500 MHz, CDCl3): δ 8.48 (d, J = 4.9 Hz, 2H), 7.54 (dd, J = 8.2, 7.1 Hz, 
1H), 7.43 (d, J = 7.6 Hz, 2H), 7.13–7.02 (m, 4H), 6.96 (t, J = 4.9 Hz, 1H), 6.91–6.80 (m, 4H). 
13C NMR (126 MHz, CDCl3): δ 167.9, 161.8 (d, J = 245.9 Hz), 156.3, 140.6, 137.9, 137.3 (d, 
J = 3.3 Hz), 130.8 (d, J = 8.0 Hz), 129.5, 128.9, 118.4, 114.9 (d, J = 21.4 Hz). HRMS (ESI) 
calcd for C22H15F2N2 [M+H]+: 345.1198, found: 345.1210. FT-IR (ATR); νmax/cm-1 3056, 
1556, 1509, 1455, 1414, 1389, 1090, 1078, 841, 814, 799, 750. Elemental analysis calcd (%) 
for C22H14F2N2: C 76,73, H 4.10, N 8.13; found: C 76.41, H 4.07, N 8.06. 
 
2-(4,4''-Bis(trifluoromethyl)[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3g) 
General procedure was followed using 2-phenylpyrimidine (1a) 
(39 mg, 0.25 mmol) and 4-bromobenzotrifluoride (88 µL, 0.625 
mmol) to give 3g (90 mg, 0.203 mmol, 81%) as a colorless oil after 
radial chromatography (DCM/MeOH 200/1). Reaction time 30 
min. 1H NMR (500 MHz, CDCl3): δ 8.47 (d, J = 4.9 Hz, 2H), 7.62 (dd, J = 8.2, 7.2 Hz, 1H), 
7.50 (d, J = 7.7 Hz, 2H), 7.44 (d, J = 8.1 Hz, 4H), 7.24 (d, J = 8.0 Hz, 4H), 6.99 (t, J = 4.9 Hz, 
1H). 13C NMR (126 MHz, CDCl3): δ 167.3, 156.5, 144.9, 140.5, 137.8, 130.0, 129.0 (q, J = 
32.4 Hz), 129.5, 129.2, 125.0 (q, J = 3.8 Hz), 124.3 (q, J = 272.0 Hz), 118.7.  HRMS (ESI) 
calcd for C24H15F6N2 [M+H]+: 445.1134, found: 445.1136. FT-IR (ATR); νmax/cm-1 3044, 
1618, 1559, 1397, 1323, 1159, 1105, 1065, 845, 801, 764, 751. Elemental analysis calcd (%) 
for C24H14F6N2 × 0.05 CH2Cl2: C 64.39, H 3.17, N 6.24; found: C 64.15, H 3.16, N 6.26. 
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1,1'-(2'-(Pyrimidin-2-yl)-[1,1':3',1''-terphenyl]-4,4''-diyl)bis(ethan-1-one) (3h) 
General procedure was followed using 2-phenylpyrimidine 
(1a) (39 mg, 0.25 mmol) and 4-bromoacetophenone (124 mg, 
0.625 mmol) to give 3h (84 mg, 0.22 mmol, 86%) as a white 
solid after radial chromatography (DCM/MeOH 200/1). 
Reaction time 30 min. Mp. 230–232 °C. 1H NMR (500 MHz, CDCl3): δ 8.45 (d, J = 4.9 Hz, 
2H), 7.80–7.74 (m, 4H), 7.62 (dd, J = 8.3, 7.1 Hz, 1H), 7.51 (d, J = 8.1 Hz, 1H), 7.24–7.15 (m, 
4H), 6.97 (t, J = 4.9 Hz, 1H), 2.56 (s, 6H). 13C NMR (126 MHz, CDCl3): δ 97.9, 167.4, 156.4, 
146.2, 140.8, 137.6, 135.4, 129.9, 129.5, 129.2, 128.1, 118.7, 26.7.HRMS (ESI) calcd for 
C26H21N2O2 [M+H]+: 393.1598, found: 393.1598. FT-IR (ATR); νmax/cm-1 3054, 3013, 1678, 
1605, 1588, 1557, 1461, 1397, 1354, 1269, 961, 846, 801, 754, 705, 629, 604. Elemental 
analysis calcd (%) for C26H20N2O2: C 79.57, H 5.14, N 7.14; found: C 79.17, H 4.73, N 7.05. 
Analytical data are in agreement with the literature data.53 
 
2-(4,4'-Dimethyl-[1,1'–biphenyl]-2-yl)pyrimidine (2i) 
General procedure was followed using 2-phenylpyrimidine 1b (43 mg, 
0.25 mmol) and 4-bromotoluene (77 µL, 0.625 mmol) to give 2i (38 mg, 
0.148 mmol, 59%) as a colorless solid after radial chromatography 
(DCM/MeOH 200/1). Reaction time 1 h. Mp. 116–119 °C.1H NMR (500 
MHz, CDCl3): δ 8.64 (d, J = 4.9 Hz, 2H), 7.58 (d, J = 1.7 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 
7.31 (ddd, J = 7.8, 1.9, 0.8 Hz, 1H), 7.09 (t, J = 4.9 Hz, 1H), 7.04–6.98 (m, 4H), 2.44 (s, 3H), 
2.30 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 168.5, 156.9, 138.6, 138.0, 137.0, 136.0, 131.2, 
130.8, 130.3, 129.1, 128.8, 118.5, 21.2, 21.2 (one signal is missing due to overlapping). HRMS 
(ESI) calcd for C18H17N2 [M+H]+: 261.1386, found: 261.1386. FT-IR (ATR); νmax/cm-1 3029, 
2915, 1564, 1550, 1432, 1421, 1391, 811, 792, 631. Elemental analysis calcd (%) for 
C18H16N2: C 83.04, H 6.19, N 10.76; found: C 82.95, H 6.28, N 10.81.  
 
2-(4'-Methyl-4-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)pyrimidine (2j) 
General procedure was followed using 2-phenylpyrimidine 1c (56 mg, 
0.25 mmol) and 4-bromotoluene (77 µL, 0.625 mmol) to give 2j (40 mg, 
0.128 mmol, 51%) as a colorless solid after radial chromatography 
(DCM/MeOH 200/1). Reaction time 1 h. Mp. 137–140 °C. 1H NMR (500 
MHz, CDCl3): δ 8.68 (s, 2H), 8.06 (d, J = 1.7 Hz, 1H), 7.75 (dd, J = 8.1, 1.1 Hz, 1H), 7.58 (d, 




J = 8.0 Hz, 1H), 7.15 (t, J = 4.9 Hz, 1H), 7.08–7.05 (m, 2H), 7.04–6.98 (m, 2H), 2.33 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 167.1, 157.1, 145.0, 138.8, 137.4, 137.2, 131.3, 129.5 (q, J = 
32.8 Hz), 129.1, 129.0, 127.8 (q, J = 3.8 Hz), 126.1 (q, J = 3.6 Hz), 124.4 (q, J = 272.1 Hz), 
119.1, 21.3. HRMS (ESI) calcd for C18H14F3N2 [M+H]+: 315.1104, found: 315.1109. FT-IR 
(ATR); νmax/cm-1 2922, 1559, 1336, 1164, 1120, 1077, 814, 629. Analytical data are in 
agreement with the literature data.130   
 
2-(4-Methoxy-4'-methyl-[1,1'-biphenyl]-2-yl)pyrimidine (2k) and 2-(4'-Methoxy-4,4''-
dimethyl-[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3k) 
General procedure was followed using 2-phenylpyrimidine 1d (47 mg, 0.25 mmol) and 4-
bromotoluene (77 µL, 0.625 mmol) to give 2k (40 mg, 0.145 mmol, 58%) as a yellow oil and 
3k (23 mg, 0.006 mmol, 25%) as a white semisolid after radial chromatography (DCM/MeOH 
200/1). Reaction time 1 h. 
Data for 2k: 
1H NMR (500 MHz, CDCl3): δ 8.65 (d, J = 4.9 Hz, 2H), 7.38 (d, J = 8.5 
Hz, 1H), 7.30 (d, J = 2.7 Hz, 1H), 7.11 (t, J = 4.9 Hz, 1H), 7.05 (dd, J = 
8.5, 2.8 Hz, 1H), 7.01 (d, J = 7.8 Hz, 2H), 6.97 (d, J = 8.1 Hz, 2H), 3.89 
(s, 3H), 2.30 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 168.2, 158.8, 156.9, 
139.1, 138.4, 135.8, 134.1, 132.0, 129.1, 128.8, 118.7, 115.9, 115.2, 55.6, 21.2. HRMS (ESI) 
calcd for C18H17N2O [M+H]+: 277.1335, found: 277.1334. FT-IR (ATR); νmax/cm-1 2955, 2834, 
1565, 1552, 1448, 1421, 1395, 1251, 1217, 1038, 811. 
Data for 3k:  
1H NMR (500 MHz, CDCl3): δ 8.41 (d, J = 4.9 Hz, 2H), 7.41 (d, J 
= 8.5 Hz, 1H), 7.11 (d, J = 8.5 Hz, 1H), 7.01 (d, J = 8.1 Hz, 2H), 
6.99 (d, J = 8.2 Hz, 2H), 6.96–6.92 (m, 4H), 6.86 (t, J = 4.9 Hz, 1H), 
3.81 (s, 3H), 2.25 (s, 3H), 2.24 (s, 3H). 13C NMR (126 MHz, 
CDCl3): δ 168.1, 156.2, 155.9, 139.7, 138.4, 135.9, 135.7, 133.7, 133.6, 130.5, 130.3, 130.2, 
129.2, 128.7, 128.2, 118.0, 111.5, 56.2, 21.3, 21.2. HRMS (ESI) calcd for C25H23N2O [M+H]+: 
367.1805, found: 367.1087. FT-IR (ATR); νmax/cm-1 3024, 2919, 1555, 1448, 1388, 1108, 822, 
806, 626.  
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2-(4'-Fluoro-4,4''-dimethyl-[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3l) 
General procedure was followed using 2-phenylpyrimidine 1e (44 
mg, 0.25 mmol) and 4-bromotoluene (77 µL, 0.625 mmol) to give 3l 
(61 mg, 0.173 mmol, 69%) as a white solid after radial 
chromatography (DCM/MeOH 200/1). Reaction time 1 h. Mp. 187–
190 °C. 1H NMR (500 MHz, CDCl3): δ 8.44 (d, J = 4.9 Hz, 2H), 7.40 (dd, J = 8.5, 5.3 Hz, 1H), 
7.28 (dd, J = 9.2, 8.5 Hz, 1H), 7.08–7.01 (m, 2H), 7.01–6.94 (m, 6H), 6.91 (t, J = 4.9 Hz, 1H), 
2.26 (s, 3H), 2.26 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 207.1, 167.1 (d, J = 3.0 Hz), 159,2 
(d, J = 245.7 Hz), 156.1, 140.0 (d, J = 3.1 Hz), 137.7, 137.4 (d, J = 3.8 Hz), 136.8, 136.3, 131.1, 
130.6 (d, J = 8.5 Hz), 130.1, 129.1, 128.8, 128.6, 118.3, 116.0 (d, J = 23.3 Hz), 21.3, 21.2. 
HRMS (ESI) calcd for C24H20FN2 [M+H]+: 355.1605, found: 355.1605. FT-IR (ATR); 
νmax/cm-1 3028, 2920, 1556, 1445, 1386, 824, 807, 723, 703. Elemental analysis calcd (%) for 
C24H19FN2 × 0.05 CH2Cl2: C 80.54, H 5.37, N 7.81; found: C 80.87, H 5.39, N 7.91. 
 
2-(4-Chloro-4'-methyl-[1,1'-biphenyl]-2-yl)pyrimidine (2m) and 2-(4'-Chloro-4,4''-
dimethyl-[1,1':3',1''-terphenyl]-2'-yl)pyrimidine (3m) 
General procedure was followed using 2-phenylpyrimidine 1f (48 mg, 0.25 mmol) and 4-
bromotoluene (77 µL, 0.625 mmol) to give 2m (31 mg, 0.113 mmol, 45%) as a colorless oil 
and 3m (37 mg, 0.10 mmol, 40%) as a  colorless oil after radial chromatography (DCM/MeOH 
200/1). Reaction time 30 min. 
Data for 2m: 
1H NMR (500 MHz, CDCl3): δ 8.66 (d, J = 4.9 Hz, 2H), 7.77 (d, J = 2.3 
Hz, 1H), 7.47 (dd, J = 8.3, 2.3 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.14 (t, J 
= 4.9 Hz, 1H), 7.04 (d, J = 7.7 Hz, 2H), 6.98 (d, J = 8.2 Hz, 2H), 2.31 (s, 
3H). 13C NMR (126 MHz, CDCl3): δ 167.2, 157.0, 140.0, 139.6, 137.5, 
136.7, 133.2, 132.1, 130.6, 129.5, 129.0, 129.0, 119.0, 21.3. HRMS (ESI) calcd for C17H14ClN2 










Data for 3m: 
1H NMR (500 MHz, CDCl3): δ 8.40 (d, J = 4.9 Hz, 2H), 7.60 (d, J 
= 8.3 Hz, 1H), 7.38 (d, J = 8.3 Hz, 1H), 7.05–6.94 (m, 8H), 6.86 (t, 
J = 4.9 Hz, 1H), 2.26 (s, 3H), 2.25 (s, 3H). 13C NMR (126 MHz, 
CDCl3): δ 167.4, 156.0, 140.2, 139.9, 139.8, 137.5, 136.7, 136.6, 
134.9, 132.9, 130.3, 130.0, 129.8, 129.1, 128.8, 128.3, 118.2, 21.4, 21.2. HRMS (ESI) calcd 
for C24H20ClN2 [M+H]+: 371.1310, found: 371.1318. FT-IR (ATR); νmax/cm-1 3036, 2918, 
1553, 1382, 823, 809, 632. 
 
2-(4-Methyl-[1,1'-biphenyl]-2-yl)pyrimidine (2n) 
General procedure was followed using 2-phenylpyrimidine 1b (43 mg, 0.25 
mmol) and 2-bromobenzene (77 µL, 0.625 mmol) to give 2n (51 mg, 0.208 
mmol, 82%) as a pale oil after radial chromatography (DCM). Reaction time 
30 min. 1H NMR (500 MHz, CDCl3): δ 8.63 (d, J = 4.9 Hz, 2H), 7.61 (dd, J 
= 1.2, 0.6 Hz, 1H), 7.37 (d, J = 7.8 Hz, 1H), 7.32 (ddd, J = 7.9, 1.9, 0.8 Hz, 1H), 7.25–7.15 (m, 
3H), 7.12 (dd, J = 7.7, 1.8 Hz, 2H), 7.09 (t, J = 4.9 Hz, 1H), 2.45 (s, 3H). 13C NMR (126 MHz, 
CDCl3): δ 168.4, 156.8, 141.7, 138.7, 138.1, 137.3, 131.2, 130.8, 130.3, 129.3, 128.1, 126.4, 
118.5, 21.2. HRMS (ESI) calcd for C17H15N2 [M+H]+: 247.1230, found: 247.1229. FT-IR 
(ATR); νmax/cm-1 3025, 2919, 1601, 1565, 1433, 1420, 1391, 816, 768, 744, 698. Analytical 
data are in agreement with the literature data.131 
 
2-(4'-Methoxy-4-methyl-[1,1'-biphenyl]-2-yl)pyrimidine (2o) 
General procedure was followed using 2-phenylpyrimidine 1b (43 mg, 
0.25 mmol) and 4-bromoanisole (79 µL, 0.625 mmol) to give 2o (52 mg, 
0.190 mmol, 76%) as a white solid after radial chromatography (DCM). 
Reaction time 30 min. Mp. 138–141 °C. 1H NMR (500 MHz, CDCl3): δ 
8.64 (d, J = 4.9 Hz, 2H), 7.57 (dt, J = 1.9, 0.7 Hz, 1H), 7.40–7.32 (m, 1H), 7.30 (ddd, J = 7.8, 
1.9, 0.9 Hz, 1H), 7.08 (t, J = 4.9 Hz, 1H), 7.06–7.00 (m, 2H), 6.79–6.71 (m, 2H), 3.89–3.69 (m, 
4H), 2.44 (d, J = 0.8 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 168.6, 158.3, 156.9, 138.2, 
138.0, 136.8, 134.0, 131.1, 130.6, 130.2, 118.4, 113.5, 55.3, 21.1 (one signal is missing due to 
overlapping). HRMS (ESI) calcd for C18H17N2O [M+H]+: 277.1335, found: 277.1339. FT-IR 
(ATR); νmax/cm-1 3005, 1566, 1553, 1422, 1240, 1172, 1031, 818, 796. Analytical data are in 
agreement with the literature data.130 
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N,N,4'-Trimethyl-2'-(pyrimidin-2-yl)-[1,1'-biphenyl]-4-amine (2p)  
General procedure was followed using 2-phenylpyrimidine 1b (43 mg, 
0.25 mmol) and 4-bromo-N,N-dimethylaniline (125 mg, 0.625 mmol) to 
give 2p (50 mg, 0.175 mmol, 70%) as a yellow solid after radial 
chromatography (DCM). Reaction time 30 min. Mp. 124–127 °C. 1H 
NMR (500 MHz, CDCl3): δ 8.66 (d, J = 4.9 Hz, 2H), 7.53 (d, J = 1.2 Hz, 1H), 7.35 (d, J = 7.8 
Hz, 1H), 7.28 (ddd, J = 7.8, 1.9, 0.9 Hz, 1H), 7.07 (t, J = 4.9 Hz, 1H), 7.01–6.91 (m, 2H), 6.63–
6.54 (m, 2H), 2.90 (s, 6H), 2.42 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 168.9, 156.9, 149.2, 
138.6, 137.8, 136.2, 131.1, 130.5, 130.2, 129.9, 129.6, 118.3, 112.3, 40.6, 21.1. HRMS (ESI) 
calcd for C19H20N3 [M+H]+: 290.1652, found: 290.1653. FT-IR (ATR); νmax/cm-1 2911, 1607, 
1555, 1493, 1432, 1165, 1085, 810. Elemental analysis calcd (%) for C19H19N3 x 0.25 H2O: C 
77.65, H 6.69, N 14.30; found: C 77.58, H 6.58, N 14.02. 
  
2-(4'-Fluoro-4-methyl-[1,1'-biphenyl]-2-yl)pyrimidine (2r) 
General procedure was followed using 2-phenylpyrimidine 1b (43 mg, 
0.25 mmol) and 1-bromo-4-fluorobenzene (69 µL, 0.625 mmol) to give 2r 
(53 mg, 0.200 mmol, 80%) as a white solid after radial chromatography 
(DCM). Reaction time 30 min. Mp. 105–108 °C. 1H NMR (500 MHz, 
CDCl3): δ 8.64 (d, J = 4.9 Hz, 1H), 7.64–7.59 (m, 1H), 7.36–7.29 (m, 1H), 7.10 (t, J = 4.9 Hz, 
1H), 7.09–7.03 (m, 1H), 6.93–6.88 (m, 1H), 2.45 (s, 1H).13C NMR (126 MHz, CDCl3): δ 168.2, 
161.8 (d, J = 242.5 Hz), 156.9, 138.1, 137.7, 137.7 (d, J = 3.0 Hz), 137.5, 131.3, 130.7, 130.7, 
130.3, 118.6, 114.9 (d, J = 21.3 Hz), 21.2. HRMS (ESI) calcd for C17H14FN2 [M+H]+: 
265.1136, found: 265.1134. FT-IR (ATR); νmax/cm-1 3029, 1567, 1555, 1438, 1212, 847, 830, 
808, 633. Elemental analysis calcd (%) for C17H13FN2: C 77.25, H 4.96, N 10.60; found: C 
77.12, H 4.92, N 10.57.  
 
2-(4-Methyl-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)pyrimidine (2s) 
General procedure was followed using 2-phenylpyrimidine 1b (43 mg, 
0.25 mmol) and 4-bromobenzotrifluoride (88 µL, 0.625 mmol) to give 2s 
(65 mg, 0.208 mmol, 83%) as a yellow oil after radial chromatography 
(DCM). Reaction time 30 min. 1H NMR (500 MHz, CDCl3): δ 8.63 (d, J 
= 4.9 Hz, 2H), 7.70–7.64 (m, 1H), 7.50–7.44 (m, 2H), 7.39–7.31 (m, 2H), 7.23 (dd, J = 8.7, 0.9 
Hz, 2H), 7.12 (t, J = 4.9 Hz, 1H), 2.47 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 167.7, 157.0, 




138.2, 138.1, 137.4, 131.5, 130.7, 130.5, 129.5, 128.5 (q, J = 32.4 Hz), 125.0 (q, J = 3.8 Hz) 
124.5 (q, J = 271.9 Hz), 118.8, 21.2 (one signal is missing due to overlapping).  HRMS (ESI) 
calcd for C18H14F3N2 [M+H]+: 315.1104, found: 315.1099. FT-IR (ATR); νmax/cm-1 3038, 
1566, 1553, 1422, 1320, 1161, 1106, 1067, 1020, 814.  
 
1-(4'-Methyl-2'-(pyrimidin-2-yl)-[1,1'-biphenyl]-4-yl)ethan-1-one (2t) and 1,1'-(4'-
Methyl-2'-(pyrimidin-2-yl)-[1,1':3',1''-terphenyl]-4,4''-diyl)bis(ethan-1-one) (3t) 
General procedure was followed using 2-phenylpyrimidine 1b (43 mg, 0.25 mmol) and 4-
bromoacetophenone (124 µL, 0.625 mmol) to give 2t (22 mg, 0.075 mmol, 30%) as a pale solid 
and 3t (54 mg, 0.133 mmol, 53%) as a pale solid after radial chromatography (DCM). Reaction 
time 30 min. 
Data for 2t: 
Mp. 117–120 °C. 1H NMR (500 MHz, CDCl3): δ 8.63 (d, J = 4.9 Hz, 
2H), 7.84–7.80 (m, 2H), 7.72–7.63 (m, 1H), 7.41–7.32 (m, 2H), 7.24–
7.18 (m, 2H), 7.12 (t, J = 4.9 Hz, 1H), 2.58 (s, 3H), 2.47 (s, 3H). 13C 
NMR (126 MHz, CDCl3): δ 198.1, 167.8, 157.0, 147.0, 138.2, 138.1, 
137.7, 135.1, 131.5, 130.7, 130.5, 129.4, 128.2, 118.7, 26.7, 21.2. HRMS (ESI) calcd for 
C19H17N2O [M+H]+: 289.1335, found: 289.1340. FT-IR (ATR); νmax/cm-1 3038, 1676, 1601, 
1565, 1552, 1419, 1267, 88818, 631. Elemental analysis calcd (%) for C18H16N2 x 0.14H2O: 
C 78.44, H 5.64, N 9.63; found: C 78.52, H 5.55, N 9.40.  
Data for 3t: 
Mp. 185–188 °C. 1H NMR (500 MHz, CDCl3): δ 8.36 (d, J = 
4.9 Hz, 2H), 7.77 (dd, J = 12.6, 8.3 Hz, 3H), 7.47 (d, J = 7.9 Hz, 
1H), 7.42 (d, J = 7.9 Hz, 1H), 7.21 (dd, J = 12.4, 8.3 Hz, 3H), 
6.85 (t, J = 4.9 Hz, 1H), 2.55 (s, 3H), 2.54 (s, 3H), 2.19 (s, 
3H).13C NMR (126 MHz, CDCl3): δ 198.0, 197.9, 167.5, 156.0, 
146.2, 145.0, 140.2, 138.1, 137.7, 136.1, 135.3, 135.2, 130.8, 130.2, 129.4, 129.3, 128.1, 127.8, 
118.3, 26.7, 20.8 (one signal is missing due to overlapping).HRMS (ESI) calcd for C27H23N2O2 
[M+H]+: 407.1754 found: 407.1756. FT-IR (ATR); νmax/cm-1 3046, 1674, 1603, 1556, 1388, 
1355, 1265, 821, 802, 730, 687. 
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N,N-Dimethyl-2'-(pyrimidin-2-yl)-4'-(trifluoromethyl)-[1,1'-biphenyl]-4–amine (2v) 
General procedure was followed using 2-phenylpyrimidine 1c (56 mg, 
0.25 mmol) and 4-bromo-N,N-dimethylaniline (125 mg, 0.625 mmol) to 
give 2v (54 mg, 0.158 mmol, 63%) as a pale solid after radial 
chromatography (DCM/MeOH 200/1). Reaction time 30 min. Mp. 132–
135 °C. 1H NMR (500 MHz, CDCl3): δ 8.70 (d, J = 4.9 Hz, 2H), 7.99 (d, J = 1.2 Hz, 1H), 7.71 
(dd, J = 8.2, 1.7 Hz, 1H), 7.5 (d, J = 8.1 Hz, 1H), 7.15 (t, J = 4.9 Hz, 1H), 7.02–6.94 (m, 2H), 
6.63–6.56 (m, 2H), 2.94 (s, 6H).13C NMR (126 MHz, CDCl3): δ 167.8, 157.2, 149.8, 145.0, 
138.3, 131.0, 130.0, 128.7 (q, J = 32.7 Hz), 127.8, 127.8 (d, J = 4.6 Hz), 126.0 (q, J = 3.6 Hz), 
124.4 (q, J = 272.0 Hz), 118.9, 112.2, 40.5. HRMS (ESI) calcd for C19H17F3N3 [M+H]+: 
344.1369, found: 344.1372. FT-IR (ATR); νmax/cm-1 2861, 1604, 1556, 1530, 1336, 1247, 
1170, 1079, 1056, 990, 820, 808. Elemental analysis calcd (%) for C19H16F3N2: C 66.46, H 
4.70, N 12.24; found: C 66.53, H 4.68, N 12.32. 
 
1-(2'-(Pyrimidin-2-yl)-4'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)ethan-1–one (2z) and 
1,1'-(2'-(Pyrimidin-2-yl)-4'-(trifluoromethyl)-[1,1':3',1''-terphenyl]-4,4''-diyl)bis(ethan-
1-one) (3z) 
General procedure was followed using 2-phenylpyrimidine 1c (56 mg, 0.25 mmol) and 4-
bromoacetophenone (124 mg, 0.625 mmol) to give 2z (51 mg, 0.148 mmol, 59%) as a pale 
solid and 3z (25 mg, 0.055 mmol, 22%) as a pale solid after radial chromatography (DCM). 
Reaction time 30 min. 
Data for 2z: 
Mp. 117–120 °C. 1H NMR (500 MHz, CDCl3): δ 8.65 (d, J = 4.9 Hz, 
2H), 8.17 (d, J = 1.9 Hz, 1H), 7.87 (d, J = 8.3 Hz, 2H), 7.80 (dd, J = 8.5, 
1.6 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 8.3 Hz, 2H), 7.17 (t, 
J = 4.9 Hz, 1H), 2.60 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 197.9, 
166.3, 157.2, 145.5, 144.0, 138.8, 135.9, 131.2, 130.5 (q, J = 33.0 Hz), 129.3, 128.4, 128.1 (q, 
J = 3.9 Hz), 126.3 (q, J = 3.6 Hz), 124.0 (d, J = 272.2 Hz), 119.3, 26.8. HRMS (ESI) calcd for 
C19H14F3N2O [M+H]+: 343.1053, found: 343.1052. FT-IR (ATR); νmax/cm-1 3050, 1675, 1604, 
1559, 1391, 1335, 1301, 1268, 1126, 1079, 820. Elemental analysis calcd (%) for 
C19H13F3N2O: C 66.67, H 3.83, N 8.18; found: C 66.33, H 3.82, N 7.94. 
 
 




Data for 3z: 
Mp. 171–174 °C. 1H NMR (500 MHz, CDCl3): δ 8.36 (d, J = 
4.9 Hz, 2H), 7.96 (d, J = 8.2 Hz, 1H), 7.80–7.77 (m, 2H), 7.77–
7.69 (m, 2H), 7.63 (dd, J = 8.3, 1.0 Hz, 1H), 7.34–7.20 (m, 4H), 
6.85 (t, J = 4.9 Hz, 1H), 2.55 (s, 6H). 13C NMR (126 MHz, 
CDCl3): δ 198.0, 197.8, 166.0, 156.2, 144.6, 143.6, 141.7, 140.3, 139.6, 136.0, 135.9, 130.6, 
129.6, 129.4, 128.9 (q, J = 30.1 Hz), 128.2, 127.1, 126.6 (q, J = 5.3 Hz), 123.8 (d, J = 274.3 
Hz), 118.7, 26.7, 26.7. HRMS (ESI) calcd for C27H20F3N2O2 [M+H]+: 461.1417, found: 
461.1476. FT-IR (ATR); νmax/cm-1 3044, 1677, 1558, 1328, 1265, 1242, 1125, 804, 628. 
Elemental analysis calcd (%) for C27H19F3N2O2: C 70.43, H 4.16, N 5.99; found: C 70.32, H 
4.12, N 5.99. 
 
2-(2-(Pyridine-2-yl)phenyl)pyrimidine (6a) and 2-(2,6-Di(pyridine-2-
yl)phenyl)pyrimidine (7a) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 2-
bromopyridine (73 µL, 0.75 mmol) to give 5a (20 mg, 0.09 mmol, 34%) as a white solid and 
6a (18 mg, 0.06 mmol, 23%) as a white solid after radial chromatography (DCM/MeOH 50/1). 
Reaction time 30 min. 
Data for 6a: 
Mp. 118–121 °C (lit.42 122–123 °C). 1H NMR (500 MHz, CDCl3): δ 8.62 (d, J 
= 4.9 Hz, 2H), 8.44 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 7.95–7.86 (m, 1H), 7.68–7.64 
(m, 1H), 7.59 (td, J = 7.7, 1.7 Hz, 1H), 7.57–7.51 (m, 2H), 7.25 (dt, J = 7.9, 1.0 
Hz, 1H), 7.15–7.11 (m, 1H), 7.10 (t, J = 5.0 Hz, 1H). 13C NMR (126 MHz, 
CDCl3): δ 167.9, 159.7, 156.8, 149.1, 140.7, 138.6, 136.0, 130.9, 130.5, 129.6, 128.6, 123.9, 
121.4, 118.5. HRMS (ESI) calcd for C15H12N3 [M+H]+: 234.1026, found: 234.1032. FT-IR 
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Data for 7a: 
Mp. 185–188 °C. 1H NMR (500 MHz, CDCl3): δ 8.45 (d, J = 4.9 Hz, 2H), 
8.41 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H), 7.79–7.72 (m, 2H), 7.64 (dd, J = 8.2, 
7.2 Hz, 1H), 7.48 (td, J = 7.7, 1.8 Hz, 2H), 7.11 (dt, J = 7.9, 1.1 Hz, 2H), 
7.05 (ddd, J = 7.6, 4.9, 1.1 Hz, 2H), 6.96 (t, J = 4.9 Hz, 1H). 13C NMR (126 
MHz, CDCl3): δ 168.3, 159.1, 156.1, 149.1, 140.9, 137.9, 135.7, 130.3, 129.0, 124.0, 121.3, 
118.0. HRMS (ESI) calcd for C20H15N4 [M+H]+: 311.1291, found: 311.1291. FT-IR (ATR); 
νmax/cm-1 3063, 3040, 2963, 2922, 2211, 1565, 1555, 1473, 1443, 1411, 905, 800, 784, 733, 
720, 642.  
 
2-(2,6-Bis(6-methylpyridin-2-yl)phenyl)pyrimidine (7b) 
General procedure was followed using 2-phenylpyrimidine (1a) 
(39 mg, 0.25 mmol) and 2-bromo-6-methylpyridine (85 µL, 0.75 
mmol) to give 7b (51 mg, 0.15 mmol, 60%) as a white solid after 
radial chromatography (DCM/MeOH 50/1). Reaction time 30 min. 
Mp. 126–128 °C.  1H NMR (500 MHz, CDCl3): δ 8.45 (d, J = 4.9 Hz, 2H), 7.72 (d, J = 7.7 Hz, 
2H), 7.60 (dd, J = 8.2, 7.2 Hz, 1H), 7.41 (t, J = 7.7 Hz, 2H), 7.06 (dd, J = 7.8, 1.0 Hz, 2H), 6.95 
(t, J = 4.9 Hz, 1H), 6.89 (d, J = 7.6 Hz, 2H), 2.25 (s, 6H). 13C NMR (126 MHz, CDCl3): δ 
169.0, 158.2, 157.3, 155.7, 141.1, 138.1, 136.1, 129.9, 128.8, 120.7, 120.7, 117.53, 24.46. 
HRMS (ESI) calcd for C22H20N4 [M+2H]2+: 170.0838, found: 170.0843. FT-IR (ATR); 
νmax/cm-1 3065, 3043, 3005, 1582, 1651, 1553, 1422, 1400, 1129, 988, 773, 749, 632.  
 
2-(2,6-Bis(3-methylpyridin-2-yl)phenyl)pyrimidine (7c) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 
0.25 mmol) and 2-bromo-3-methylpyridine (84 µL, 0.75 mmol) to give 7c 
(74 mg, 0.22 mmol, 88%) as a pale solid after radial chromatography 
(DCM/MeOH 50/1). Reaction time 30 min. Mp. 189–191 °C.  1H NMR 
(500 MHz, CDCl3): δ 8.30–8.18 (m, 4H), 7.58 (dd, J = 8.2, 7.0 Hz, 1H), 7.48 (d, J = 7.6 Hz, 
2H), 7.40–7.34 (m, 2H), 7.00 (dd, J = 7.7, 4.8 Hz, 2H), 6.74 (t, J = 4.9 Hz, 1H), 2.13 (s, 6H). 
13C NMR (126 MHz, CDCl3): δ 167.1, 159.4, 155.7, 146.1, 141.1, 138.3, 137.3, 132.2, 129.4, 
128.4, 121.7, 117.5, 19.7. HRMS (ESI) calcd for C22H20N4 [M+2H]2+: 170.0838, found: 
170.0839. FT-IR (ATR); νmax/cm-1 3051, 2983, 1581, 1565, 1556, 1401, 1088, 827, 799, 774, 




745, 627. Elemental analysis calcd (%) for C22H18N4: C 78.08, H 5.36, N 16.56; found: C 
77.85, H 5.16, N 16.49.  
 
2,2'-(2-(Pyrimidin-2-yl)-1,3-phenylene)diquinoline (7d) 
General procedure was followed using 2-phenylpyrimidine (1a) 
(39 mg, 0.25 mmol) and 2-bromoquinoline (156 mg, 0.75 mmol) 
to give 7d (46 mg, 0.11 mmol, 45%) as a white solid after radial 
chromatography (DCM/MeOH 50/1). Reaction time 30 min. Mp. 
233–235 °C. 1H NMR (500 MHz, CDCl3): δ 8.36 (d, J = 4.9 Hz, 2H), 7.99 (dd, J = 8.7, 0.8 Hz, 
2H), 7.92 (d, J = 7.7 Hz, 2H), 7.78 (dd, J = 8.5, 1.2 Hz, 2H), 7.76–7.69 (m, 3H), 7.59 (ddd, J = 
8.5, 6.9, 1.5 Hz, 2H), 7.46 (ddd, J = 8.1, 6.9, 1.2 Hz, 2H), 7.35 (d, J = 8.5 Hz, 2H), 6.86 (t, J = 
4.9 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 168.5, 159.0, 156.2, 147.8, 141.3, 138.6, 135.8, 
130.7, 129.7, 129.4, 129.2, 127.4, 126.5, 126.3, 122.0, 117.9. HRMS (ESI) calcd for C28H20N4 
[M+2H]2+: 206.0838, found: 206.0843. FT-IR (ATR); νmax/cm-1 3052, 1595, 1556, 1500, 1448, 
1423, 816, 750, 737, 720, 621. Elemental analysis calcd (%) for C28H18N4: C 81.93, H 4.42, 
N 13.65; found: C 81.67, H 4.17, N 13.57.  
 
1,2-Di(pyrimidin-2-yl)benzene (6e) and 2,2',2''-(Benzene-1,2,3-triyl)tripyrimidine 
(7e) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 2-
chloropyrimidine (86 mg, 0.75 mmol) to give 6e (21 mg, 0.01 mmol, 36%) as a brown oil and 
7e (2 mg, 0.008 mmol, 3%) as a brown oil after radial chromatography (DCM/MeOH 50/1 to 
25/1). Reaction time 30 min. 
Data for 6e: 
1H NMR (500 MHz, CDCl3): δ 8.62 (d, J = 4.9 Hz, 4H), 7.95 (dd, J = 5.7, 3.3 
Hz, 2H), 7.59 (dd, J = 5.7, 3.3 Hz, 2H), 7.11 (t, J = 4.9 Hz, 2H). 13C NMR (126 
MHz, CDCl3): δ 167.5, 156.6, 138.9, 130.6, 129.4, 118.4. HRMS (ESI) calcd 
for C14H11N4 [M+H]+: 235.0978, found: 235.0978. FT-IR (ATR); νmax/cm-1 
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Data for 7e: 
1H NMR (500 MHz, CDCl3): δ 8.53 (d, J = 4.9 Hz, 4H), 8.50 (d, J = 4.9 
Hz, 2H), 8.20 (d, J = 7.8 Hz, 2H), 7.71 (t, J = 7.8 Hz, 1H), 7.04 (t, J = 4.9 
Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 168.7, 166.5, 156.6, 156.1, 139.4, 
139.1, 132.1, 129.0, 118.4, 118.0. HRMS (ESI) calcd for C18H13N6 
[M+H]+: 313.1196, found: 313.1196. FT-IR (ATR); νmax/cm-1 2961, 1933, 1709, 1565, 1554, 
1403, 1259, 1091, 1072, 1018, 793, 658.  
 
2-(2-(Pyrimidin-5-yl)phenyl)pyrimidine (6f) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 
mmol) and 5-bromopyrimidine (119 mg, 0.75 mmol) to give 6f (11 mg, 0.048 
mmol, 19%) as a brown oil after radial chromatography (DCM/MeOH 50/1). 
Reaction time 30 min. 1H NMR (500 MHz, CDCl3): δ 9.11 (s, 1H), 8.64 (d, J = 
4.9 Hz, 2H), 8.55 (s, 2H), 8.08–7.99 (m, 1H), 7.63–7.55 (m, 2H), 7.46–7.39 (m, 1H), 7.15 (t, J 
= 4.9 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 166.3, 157.1, 156.8, 156.4, 138.1, 135.8, 134.4, 
131.4, 131.0, 130.2, 129.3, 119.1. HRMS (ESI) calcd for C14H11N4 [M+H]+: 235.0978, found: 
235.0982. FT-IR (ATR); νmax/cm-1 3034, 1565, 1550, 1405, 756, 726, 639, 627.  
 
2-(2-(Pyrazin-2-yl)phenyl)pyrimidine (6g) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 
mmol) and 2-chloropyrazine (67 µL, 0.75 mmol) to give 6g (22 mg, 0.10 mmol, 
38%) as a brown solid after radial chromatography (DCM/MeOH 50/1 to 25/1). 
Reaction time 30 min. Mp. 108–111 °C. 1H NMR (500 MHz, CDCl3): δ 8.62 (d, 
J = 4.9 Hz, 2H), 8.48 (dd, J = 2.6, 1.6 Hz, 1H), 8.44 (d, J = 1.5 Hz, 1H), 8.41 (d, J = 2.6 Hz, 
1H), 8.08–7.97 (m, 1H), 7.73–7.66 (m, 1H), 7.61 (dd, J = 5.7, 3.3 Hz, 2H), 7.13 (t, J = 4.9 Hz, 
1H). 13C NMR (126 MHz, CDCl3): δ 166.8, 157.0, 155.8, 145.3, 143.7, 142.1, 138.4, 137.3, 
131.2, 130.8, 130.0, 129.6, 118.9. HRMS (ESI) calcd for C14H11N4 [M+H]+: 235.0978, found: 








2-(2,6-Di(thiophen-2-yl)phenyl)pyrimidine (7h) and 2,2'-(3,3'-Di(thiophen-2-yl)-[1,1'-
biphenyl]-2,2'-diyl)dipyrimidine (8h) 
 General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 2-
bromothiophene (73 µL, 0.75 mmol) to give 7h (33 mg, 0.10 mmol, 41%) as a white solid and 
8h (6.6 mg, 0.014 mmol, 11%) as a brown solid after radial chromatography (DCM/MeOH 
50/1). Reaction time 30 min. 
Data for 7h: 
Mp. 225–228 °C. 1H NMR (500 MHz, CDCl3): δ 8.65 (d, J = 4.9 Hz, 2H), 
7.60–7.55 (m, 2H), 7.49 (dd, J = 8.5, 7.0 Hz, 1H), 7.15 (dd, J = 5.1, 1.2 Hz, 
2H), 7.13 (t, J = 4.9 Hz, 1H), 6.83 (dd, J = 5.1, 3.6 Hz, 2H), 6.67 (dd, J = 
3.6, 1.2 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ 167.5, 156.7, 142.5, 137.6, 
134.3, 130.2, 129.0, 127.0, 127.0, 126.0, 119.3. HRMS (ESI) calcd for C18H13N2S2 [M+H]+: 
321.0515, found: 321.0516. FT-IR (ATR); νmax/cm-1 3109, 3069, 1556, 1402, 1251, 816, 724, 
694. Elemental analysis calcd (%) for C18H12N2S2 × 0.05 CH2Cl2: C 66.77, H 3.76, N 8.63; 
found: C 66.82, H 3.83, N 8.53. 
Data for 8h: 
Mp. 213–216 °C. 1H NMR (500 MHz, CDCl3): δ 8.59 (d, J = 4.9 
Hz, 4H), 7.42 (dd, J = 7.7, 1.2 Hz, 2H), 7.17–7.08 (m, 4H), 7.01 (t, J 
= 4.9 Hz, 2H), 6.95 (dd, J = 7.8, 1.2 Hz, 2H), 6.80 (dd, J = 5.1, 3.6 
Hz, 2H), 6.61 (dd, J = 3.6, 1.2 Hz, 2H). 13C NMR (126 MHz, CDCl3): 
δ 167.5, 156.5, 143.2, 140.2, 138.2, 133.8, 130.3, 129.1, 127.6, 127.0, 
126.8, 125.8, 118.6. HRMS (ESI) calcd for C28H19N4S2 [M+H]+: 475.1046, found: 475.1055. 
FT-IR (ATR); νmax/cm-1 3099, 3065, 2230, 1556, 1452, 1398, 906, 797, 726, 696. Elemental 
analysis calcd (%) for C28H18N4S2 × 0.2 CH2Cl2: C 68.90, H 3.77, N 11.40; found: C 69.07, H 
3.88, N 11.17. 
 
2-(2,6-Di(thiophen-3-yl)phenyl)pyrimidine (7i) and 2,2'-(3,3'-Di(thiophen-3-yl)-[1,1'-
biphenyl]-2,2'-diyl)dipyrimidine (8i) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 3-
bromothiophene (70 µL, 0.75 mmol) to give 7i (50 mg, 0.16 mmol, 63%) as a white solid and 
8i (8.3 mg, 0.018 mmol, 14%) as a light brown solid after radial chromatography (DCM/MeOH 
50/1). Reaction time 30 min. 
78                          Microwave-Promoted Ortho-C–H Bond (Hetero)arylation of Arylpyrimidines 
    
Data for 7i: 
Mp. 223–225 °C. 1H NMR (500 MHz, CDCl3): δ 8.59 (d, J = 4.9 Hz, 2H), 
7.53–7.46 (m, 3H), 7.10 (dd, J = 5.0, 3.0 Hz, 2H), 7.06 (t, J = 4.9 Hz, 1H), 
6.92 (dd, J = 3.0, 1.3 Hz, 2H), 6.76 (dd, J = 4.9, 1.3 Hz, 2H). 13C NMR (126 
MHz, CDCl3): δ 168.3, 156.5, 141.6, 137.4, 136.2, 129.1, 128.9, 128.6, 
124.9, 123.0, 118.8. HRMS (ESI) calcd for C18H13N2S2 [M+H]+: 321.0515, found: 321.0517. 
FT-IR (ATR); νmax/cm-1 3083, 3063, 1581, 1556, 1456, 1414, 792, 774, 756, 632, 610. 
Elemental analysis calcd (%) for C18H12N2S2: C 67.47, H 3.77, N 8.77; found: C 67.47, H 3.78, 
N 8.64.  
Data for 8i: 
Mp. 182–185 °C. 1H NMR (500 MHz, CDCl3): δ 8.56 (d, J = 4.9 
Hz, 4H), 7.34 (dd, J = 7.7, 1.2 Hz, 2H), 7.12 (t, J = 7.8 Hz, 2H), 7.08 
(dd, J = 5.0, 3.0 Hz, 2H), 6.99 (t, J = 4.9 Hz, 2H), 6.91 (dd, J = 3.0, 
1.3 Hz, 2H), 6.89 (dd, J = 7.8, 1.2 Hz, 2H), 6.74 (dd, J = 5.0, 1.3 Hz, 
2H). 13C NMR (126 MHz, CDCl3): δ 168.0, 156.4, 142.0, 140.2, 
138.1, 136.0, 129.9, 128.7, 128.4, 127.6, 124.8, 122.9, 118.4. HRMS (ESI) calcd for 
C28H19N4S2 [M+H]+: 475.1046, found: 475.1044. FT-IR (ATR); νmax/cm-1 3077, 1553, 1450, 
1428, 779, 757, 659, 632. Elemental analysis calcd (%) for C28H18N4S2 × 0.17 CH2Cl2: C 
69.22, H 3.78, N 11.46; found: C 69.37, H 3.87, N 11.36.  
 
1,1'-((2-(Pyrimidin-2-yl)-1,3-phenylene)bis(thiophene-5,2-diyl))bis(ethan-1-one) (7j) and 
1,1'-((2,2'-Di(pyrimidin-2-yl)-[1,1'-biphenyl]-3,3'-diyl)bis(thiophene-5,2-diyl))bis(ethan-
1-one) (8j) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 2-
acetyl-5-bromothiophene (154 mg, 0.75 mmol) to give 7j (61 mg, 0.15 mmol, 61%) as a yellow 
solid and 8j (15 mg, 0.028 mmol, 22%) as a pale solid after radial chromatography 
(DCM/MeOH 50/1). Reaction time 30 min. 
Data for 7j: 
Mp. 184–187 °C. 1H NMR (500 MHz, CDCl3): δ 8.68 (d, J = 4.9 
Hz, 2H), 7.66–7.62 (m, 2H), 7.57 (dd, J = 8.7, 6.7 Hz, 1H), 7.42 (d, 
J = 3.9 Hz, 2H), 7.20 (t, J = 4.9 Hz, 1H), 6.70 (d, J = 3.9 Hz, 2H), 
2.47 (s, 6H). 13C NMR (126 MHz, CDCl3): δ 190.7, 166.5, 157.1, 
150.7, 144.6, 137.7, 133.8, 132.4, 131.1, 129.4, 128.2, 119.9, 26.8. HRMS (ESI) calcd for 




C22H17N2O2S2 [M+H]+: 405.0726, found: 405.0725. FT-IR (ATR); νmax/cm-1 3074, 3043, 1655, 
1557, 1470, 1427, 1403, 1359, 1274, 799, 730.  
Data for 8j: 
Mp. 250–253°C. 1H NMR (500 MHz, CDCl3): δ 8.57 (d, J = 
4.9 Hz, 4H), 7.44 (dd, J = 7.8, 1.2 Hz, 2H), 7.38 (d, J = 3.9 
Hz, 2H), 7.21 (t, J = 7.8 Hz, 2H), 7.08 (dd, J = 7.8, 1.2 Hz, 
2H), 7.04 (t, J = 4.9 Hz, 2H), 6.54 (d, J = 3.9 Hz, 2H), 2.45 (s, 
6H). 13C NMR (126 MHz, CDCl3): δ 190.6, 166.7, 156.6, 
152.0, 143.9, 140.3, 138.2, 133.0, 132.5, 131.5, 129.3, 127.9, 127.8, 119.0, 26.8. HRMS (ESI) 
calcd for C32H23N4O2S2 [M+H]+: 559.1257, found: 559.1251. FT-IR (ATR); νmax/cm-1 3069, 
3040, 2246, 1655, 1556, 1433, 1400, 1277, 729. 
 
2-(2-(Furan-2-yl)phenyl)pyrimidine (6k) and 2-(2,6-Di(furan-2-yl)phenyl)pyrimidine 
(7k) 
General procedure was followed using 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 2-
bromofuran (66 µL, 0.75 mmol) to give 6k (11 mg, 0.005 mmol, 19%) as a brown oil and 7k 
(22 mg, 0.075mmol, 30%) as a white solid after radial chromatography (DCM/MeOH 50/1). 
Reaction time 30 min. 
Data for 6k: 
1H NMR (500 MHz, CDCl3): δ 8.78 (d, J = 4.9 Hz, 2H), 7.69 (ddd, J = 7.5, 3.6, 
1.3 Hz, 2H), 7.49 (td, J = 7.6, 1.4 Hz, 1H), 7.43 (td, J = 7.5, 1.3 Hz, 1H), 7.25–
7.20 (m, 2H), 6.35 (dd, J = 3.4, 1.8 Hz, 1H), 6.15 (dd, J = 3.4, 0.8 Hz, 1H). 13C 
NMR (126 MHz, CDCl3): δ 168.2, 157.1, 153.6, 142.1, 137.0, 130.6, 129.9, 
129.5, 128.4, 128.0, 119.0, 111.4, 107.9. HRMS (ESI) calcd for C14H11N2O [M+H]+: 223.0866, 
found: 223.0871. FT-IR (ATR); νmax/cm-1 3115, 3059, 3034, 1565, 1553, 1411, 1005, 757, 733, 
681, 631. 
Data for 7k: 
Mp. 123–125 °C. 1H NMR (500 MHz, CDCl3): δ 8.84 (d, J = 4.9 Hz, 2H), 
7.76 (d, J = 7.9 Hz, 2H), 7.53 (t, J = 7.9 Hz, 1H), 7.32 (t, J = 4.9 Hz, 1H), 
7.23 (dd, J = 1.8, 0.7 Hz, 2H), 6.22 (dd, J = 3.4, 1.8 Hz, 2H), 5.58 (dd, J = 
3.4, 0.7 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ 168.1, 157.4, 152.4, 142.2, 
133.3, 130.2, 129.0, 126.7, 119.7, 111.4, 108.4. HRMS (ESI) calcd for C18H13N2O2 [M+H]+: 
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289.0972, found: 289.0973. FT-IR (ATR); νmax/cm-1 3107, 1557, 1493, 1410, 1011, 800, 758, 
731, 632. Elemental analysis calcd (%) for C18H12N2O2 × 0.17 CH2Cl2: C 72.14, H 4.11, N 




General procedure was followed using 2-phenylpyrimidine 11 
(59 mg, 0.25 mmol) and 4-bromoacetophenone (124 mg, 0.625 
mmol) to give 12a (43 mg, 0.108 mmol, 43%) as a white solid 
after radial chromatography (DCM/MeOH 50/1). Reaction time 
30 min. Mp. 225–228 °C. 1H NMR (500 MHz, CDCl3): δ 8.30 
(d, J = 5.1 Hz, 1H), 7.85–7.78 (m, 4H), 7.76 (s, 2H), 7.29–7.20 (m, 4H), 6.85 (d, J = 5.1 Hz, 
1H), 2.57 (s, 6H), 2.24 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 197.8, 166.8, 165.6, 156.1, 
144.8, 141.7, 140.9, 135.9, 131.2 (q, J = 32.8 Hz), 129.4, 128.1, 126.5 (q, J = 3.8 Hz), 123.8 
(q, J = 272.7 Hz), 118.6, 26.7, 24.0. HRMS (ESI) calcd for C28H22F3N2O2 [M+H]+: 475.1628, 





General procedure was followed using 2-phenylpyrimidine 11 
(59 mg, 0.25 mmol) and 4-bromoanisole (77 µL, 0.625 mmol) to 
give 12b (78 mg, 0.175 mmol, 70%) as a white semisolid after 
radial chromatography (DCM/MeOH 100/1). Reaction time 30 
min. 1H NMR (500 MHz, CDCl3): δ 8.35 (d, J = 5.1 Hz, 1H), 7.66 
(s, 2H), 7.18–6.99 (m, 4H), 6.82 (d, J = 5.2 Hz, 1H), 6.75–6.65 (m, 4H), 3.75 (s, 6H), 2.28 (s, 
3H). 13C NMR (126 MHz, CDCl3): δ 166.7, 166.5, 158.7, 156.0, 142.1, 140.9, 132.6, 130.7 (q, 
J = 32.5 Hz), 130.3, 125.8 (q, J = 3.7 Hz), 124.1 (q, J = 272.6 Hz), 118.1, 113.5, 55.3, 24.1. 
HRMS (ESI) calcd for C26H22F3N2O2 [M+H]+: 451.1628, found: 451.1629. FT-IR (ATR); 
νmax/cm-1 3040, 2942, 2837 1609, 1574, 1466 1424, 1358 1266 1245, 1174 1123, 1024, 812.  
 
 





General procedure was followed using 2-phenylpyrimidine 11 (59 mg, 
0.25 mmol) and 4-bromoanisole (70 µL, 0.625 mmol) to give 12c (75 mg, 
0.178 mmol, 71%) as a brown oil after radial chromatography 
(DCM/MeOH 50/1 to 10/1). Reaction time 30 min. 1H NMR (500 MHz, 
CDCl3): δ 8.27 (dd, J = 4.8, 1.7 Hz, 2H), 8.09 (d, J = 5.1 Hz, 1H), 7.42 (dd, 
J = 7.7, 1.9 Hz, 1H), 7.04 (dd, J = 7.7, 4.8 Hz, 2H), 6.64 (d, J = 5.1 Hz, 1H), 2.14 (s, 6H), 2.05 
(s, 3H). 13C NMR (126 MHz, CDCl3): δ 165.9, 165.1, 158.2, 155.5, 146.2, 142.0, 141.5, 137.3, 
132.3, 130.3 (q, J = 32.7 Hz), 126.2 (q, J = 3.7 Hz), 124.0 (q, J = 272.6 Hz), 122.1, 117.5, 23.6, 
19.5. HRMS (ESI) calcd for C24H20F3N4 [M+H]+: 421.1635, found: 421.1647. FT-IR (ATR); 
νmax/cm-1 3050, 2926, 1573, 1552, 1351, 1263, 1171, 1122, 725.  
 
Synthesis of the unsymmetrical arene, 1-(6'-methyl-2'-(pyrimidin-2-yl)-[1,1':3',1''-
terphenyl]-4-yl)ethan-1-one (3u)  
       
 A microwave vial was loaded with 2-(m-tolyl)pyrimidine (1b) (0.25 mmol), bromobenzene 
(32.5 µL, 0.313 mmol), [RuCl2(p-cymene)]2 (7.5 mg, 0.0125 mmol), PPh3 (6.5 mg, 0.025 
mmol), PCCA (9.5 mg, 0,05 mmol), and Na2CO3 (78 mg, 0.75 mmol). The mixture was 
suspended in H2O (1 mL), bubbled with Ar for 3 min and heated to 180 °C under the microwave 
irradiation (max 15 W) for 30 min. The reaction mixture was cooled to room temperature and 
4-bromoacetophenone (100 mg, 0.5 mmol), [RuCl2(p-cymene)]2 (7.5 mg, 0.0125 mmol), PPh3 
(6.5 mg, 0.025 mmol), and PCCA (9.5 mg, 0,05 mmol) were added to the crude product which 
was then heated under microwave irradiation at 180 °C (max 15 W) for another 1 h. After that 
the reaction mixture was cooled to room temperature and diluted with 5 mL DCM and 5 mL 
H2O. The product was extracted with DCM (2 x 5 mL). The combined organic phases were 
dried over anh. Na2SO4, filtered and evaporated in vacuo. The crude product was further 
purified by radial chromatography on silica gel (petroleum ether/Et2O 1/1 then 2/3) to give 3u 
(59 mg, 0.163 mmol, 65%) as a pale solid. Mp. 195–197 °C. 1H NMR (500 MHz, CDCl3): δ 
8.36 (d, J = 4.9 Hz, 2H), 7.81–7.69 (m, 2H), 7.49–7.36 (m, 2H), 7.24–7.16 (m, 2H), 7.19–7.08 
(m, 5H), 6.81 (t, J = 4.9 Hz, 1H), 2.55 (s, 3H), 2.18 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 
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198.1, 167.9, 155.9, 145.5, 141.2, 139.9, 138.9, 138.2, 135.2, 135.1, 130.7, 130.3, 129.6, 129.3, 
128.0, 127.8, 126.5, 118.0, 77.4, 77.2, 76.9, 26.7, 20.7, 0.1.  HRMS (ESI) calcd for C25H21N2O 
[M+H]+: 365.1648, found: 365.1648. FT-IR (ATR); νmax/cm-1 3039, 2967, 1673, 1604, 1563, 
1552, 1432, 1356, 1264, 852, 830, 804, 776, 756, 705, 680. 
 
Synthesis of 2,2'-di(pyrimidin-2-yl)-1,1'–biphenyl (1a-1a) 
 
Dimer 1a-1a was prepared by following literature procedure.132 A thick wall vessel was loaded 
with 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol), [RuCl2(p-cymene)]2 (3.7 mg, 0.00625 
mmol), and FeCl3 (40 mg, 0.25 mmol). The mixture was then suspended in toluene (1 mL) and 
heated at 110 °C for 24 h. After that the reaction mixture was evaporated in vacuo and residue 
was further purified by radial chromatography on silica gel using mixture DCM and MeOH 
(100/1) to get target compound 1a-1a (26 mg, 0.083 mmol, 67%) as a pale solid. Mp. 148–151 
°C. 1H NMR (500 MHz, CDCl3): δ 8.41 (d, J = 4.9 Hz, 2H), 7.62 (d, J = 7.7 Hz, 1H), 7.58–
7.52 (m, 5H), 7.41 (ddd, J = 7.7, 5.1, 3.6 Hz, 1H), 6.98 (t, J = 4.9 Hz, 1H). 13C NMR (126 
MHz, CDCl3): δ 166.8, 156.6, 141.5, 138.2, 131.4, 130.0, 129.9, 127.3, 118.3.  HRMS (ESI) 
calcd for C20H15N2 [M+H]+: 311.1291, found: 311.1292. FT-IR (ATR); νmax/cm-1 3056, 3032, 
1566, 1551, 1411, 753, 643, 635. 
Synthesis of Ruthenacycle 13 
 
Ruthenacycle was prepared by following slightly modified literature procedure.116 A mixture 
of 2-phenylpyrimidine (1a) (8 mg, 0.05 mmol), [RuCl2(p-cymene)]2 (61.4 mg, 0.1 mmol), and 
KOPiv (28 mg, 0.2 mmol) was dissolved in MeOH (1 mL) and then mixed at room temperature 
for 24 h. A solvent was then evaporated in vacuo and the crude product was further purified by 
radial chromatography on silica gel using mixture of DCM and MeOH (50:1 to 25:1) to give 
ruthenacycle 13 (20 mg, 0.045 mmol, 90%) as an orange semisolid. 1H NMR (500 MHz, 




CDCl3): δ 9.31 (dd, J = 5.7, 2.2 Hz, 1H), 8.68 (dd, J = 4.7, 2.2 Hz, 1H), 8.12 (dd, J = 7.5, 1.1 
Hz, 1H), 8.02 (dd, J = 7.6, 1.5 Hz, 1H), 7.26 (ddd, J = 14.7, 7.4, 1.6 Hz, 1H), 7.08 (td, J = 7.4, 
1.1 Hz, 1H), 7.01 (dd, J = 5.7, 4.7 Hz, 1H), 5.62 (dd, J = 5.9, 1.2 Hz, 1H), 5.57 (dd, J = 5.8, 1.1 
Hz, 1H), 5.18 (dd, J = 6.1, 1.2 Hz, 1H), 5.02 (dd, J = 6.0, 1.2 Hz, 1H), 2.46 (sept, J = 6.9 Hz, 
1H), 2.04 (s, 3H), 1.00 (d, J = 6.9 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, 
CDCl3): δ 181.3, 172.7, 161.7, 157.2, 141.4, 139.4, 131.5, 127.6, 123.1, 117.5, 101.7, 100.7, 
90.6, 89.7, 84.0, 82.6, 30.9, 22.6, 21.9, 18.9. HRMS (ESI) calcd for C22H24N3Ru [M-
Cl+MeCN]+: 426.1041, found: 426.1027. FT-IR (ATR); νmax/cm-1 3050, 2959, 2922, 2851, 
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4. Microwave-Assisted Multiple C–H Activation in the Synthesis 
of Hexa(heteroaryl)benzenes 
4.1 Introduction 
4.1.1 Hexaarylbenzenes and Hexaheteroarylbenzenes 
 Hexaarylbenzenes (HABs) have received considerable attention due to their unpredictable 
geometry and their applicability in many fields of material science. They have a potential 
application in organic light-emitting diodes,133–135 molecular receptors and                                       
chemosensors,136–138 redox materials,139 photochemical switches,140–142 and liquid crystalline 
materials.143,144 Moreover, they can be used for molecular capsules,145 nonlinear optic 
materials,146 molecular wires,147 and cathodic materials for fuel cells.148,149 There are many 
reports about various applications of newly designed HAB-based functional materials.150  
One of the most remarkable properties of HABs is their nonplanar structure. The free rotation 
of peripheral aromatic units with respect to the central ring mimics a propeller-like shape. 
Almenningen and co-workers published an electron diffraction study of hexaphenylbenzene in 
a vapour phase.151 They proposed that peripheral phenyl rings were almost orthogonal to the 
central benzene. Due to the low restriction between phenyl rings and the steric congestion of 
hydrogens of adjacent outer rings, the peripheral rings oscillate within ±10° from a completely 
orthogonal position. On the other hand, the X-ray diffraction study of a single crystal showed 
that the torsion angle deviates from orthogonality for ∼25° and depends upon intermolecular 
forces as well as solvent influence on crystallisation.152  
The HABs exhibit poor intramolecular π-conjugation as well as an intermolecular π∙∙∙π and  
C–H∙∙∙π interaction, due to the tendency to adopt a nonplanar conformational topology.153,154 
This leads to a higher HOMO–LUMO gap, the lower degree of self-association, less efficient 
packing and higher solubility,155 which makes them suitable candidates for cases, where a poor 
molecular cohesion and inefficient packing is required.156,157 It is well-known that highly 
delocalized π-electrons of HABs raise the HOMO energy levels. This effect results in increased 
HAB’s electron-donor ability.155 With different electron-withdrawing groups on peripheral 
benzene rings, it is possible to control the HOMO energy level of the molecules to regulate the 
electron transport and the emission properties. This can have significant benefits in developing 
of new organic light-emitting diodes and other electronic materials.158–160     
Furthermore, nitrogen-containing hexa(heteroaryl)benzenes (HHABs) can also serve as 
coordination donors due to their six potential coordinating sites. This makes them suitable 




ligands for the construction of supramolecular architectures. Hiraoka and co-workers showed 
some examples of molecular rotors, achieved by self-assembly when thiazole-containing 
HHABs were used in the coordination of Ag+ and Pt2+.160–163 Moreover, pyridine-containing 
HHABs can serve as polydentate ligands toward the novel Ir(III)-polypyridine164–169 and  
Ru(II)-polypyridine170–175 complexes, which can be efficient catalysts in the photoredox 
catalytic system.       
4.1.2 The Synthesis of Hexaarylbenzenes and Hexaheteroarylbenzenes 
In 1933, Trösken and co-workers reported the first example of HAB synthesis.176 A Diels–
Alder reaction between 1,2,3,4-tetraphenylcyclopentadienone and stilbene was used to 
synthesise hexaphenylbenzene. During this reaction, hydrogen and carbon monoxide gases 
were released (Scheme 57A). Moreover, the same products were achieved by Hoeschen and 
co-workers, where a diphenylacetylene (Scheme 57B) was used instead of stilbene. During this 
reaction, hydrogen did not evolve.177 In 1950, Grummitt and Fick synthesised HAB with the 
Diels–Alder reaction between 1,2,3,4-tetraphenylcyclopentadienone and stilbene, under 
moderate pressure in a sealed tube at 250 °C.  
 
Scheme 57: A general synthetic path toward HABs. 
In this way, hexaphenyldihydrobenzenes were obtained and further dehydrogenated by 
bromine.178 As mentioned, the Diels–Alder reaction is the most frequently used method for the 
synthesis of symmetrical HABs. In term of synthetic simplicity, the 1,2-diphenylacetylene 
derivatives are preferred over 1,2-diphenylethene derivative analogues.179 However, for the 
synthesis of C3- or C6-symmetric star-shaped HABs, the metal-based catalytic 
cyclotrimerizations were commonly used. The 1,2-diarylsubstituted alkynes trimerised into the 
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corresponding HABs in the presence of activated transition metal complexes (Ni, Mo, Fe, Cr, 
Co) under inert atmosphere (Scheme 57C).180,181 
Additionally, Potter and Hughes reported a synthetic path toward heterosubstituted                          
1,3-diarylacetone. The asymmetric coupling between two different para-substituted benzyl 
halides was used in the presence of iron tetracarbonyl disodium. The 1,3-diarylacetones were 
obtained and further reacted with benzyl. This led to the corresponding heterosubstituted 
tetraarylcyclopentadienone via a Knoevenagel condensation. The desired HABs were also 
obtained by the Diels–Alder reaction with a substituted diphenylacetylene.182  
 
Scheme 58: Programmed synthesis of HAB. 
Suzuki and co-workers have recently reported a programmed synthesis of HABs. In every step 
of the synthesis, the other C–H bond on 3-methoxythiophene was arylated with the specific 
combination of an arylation agent, palladium-based catalyst, ligands and additives. In the last 
two steps, thiophene sulphur atom was oxidised with meta-chloroperoxybenzoic acid (m-
CPBA), followed by the Diels–Alder reaction with diarylacetylene, leading to the 
corresponding HABs. However, this multiple-step approach resulted in quite low isolated yields 
10–30%.183 Lungerich and co-workers reported a new synthetic path toward asymmetric HABs 
based on the classical transformations combined with a modern C–H bond activation reactions. 
They aimed to develop a procedure, which would be simple and applicable for the preparation 
of bulk materials, without involving highly sophisticated processes and purification techniques. 
As a starting material para-nitroaniline was further transformed into HABs. With different 




combination of (hetero)aryl substituents on the central benzene ring, different HABs were 
prepared, from pure symmetric to hexahetero substituted.184  
Synthetic pathways for HHABs are much less explored. Newkome and co-workers were the 
first ones who prepared hexa(2-pyridyl)benzene.185 The Knoevenagel condensation between 
1,3-dipyridylacetone and 2,2'-pyridil led to tetra(pyridyl)cyclopentadienone, which underwent 
the Diels–Alder reaction with dipyridylacetylene. With CO elimination, the final hexa(2-
pyridyl)benzene was formed (Scheme 59). 
 
Scheme 59: The first synthesis of hexa(2-pyridyl)benzene. 
In 1991, Breslow and co-workers prepared hexa(4-pyridyl)benzene by dimerization of 1,2,3-
tris(4-pyridyl)cyclopropene derivate, prepared from pyridine-4-carboxaldehyde and 4-
pyridylmethylsulfone, followed by treatment with 4-pyridyldichloromethane and NaH in 
dimethylacetamide.186 The most common way for the HHABs preparation is a metal-based 
[2+2+2] cyclotrimerisation of the corresponding bis(heteroaryl)acetylenes.143,162,187–189 All of 
these methods allowed the synthesis of mainly symmetric HHABs. When unsymmetrical 
diarylacetylenes were used, a mixture of different regioisomers was obtained (Scheme 60).190–
192    
 
Scheme 60: The formation of two regioisomers in metal-based [2+2+2] cyclotrimerisation of 
bis(heteroaryl)acetylenes. 
4.2   Research Aims and Objectives 
There are only a few synthetic methodologies for the preparation of hexa(heteroaryl)benzenes. 
Moreover, direct access to HHABs from simple starting materials remains challenging. In our 
previous work, we noticed the formation of polyarylated products, when 2-bromopyridine was 
used in (hetero)arylation of 2-phenylpyrimidine. Herein, we are focusing on the development 
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of iterative C–H bond heteroarylation of heteroarylbenzenes (2-phenylpyridine,                                         
2-phenylpyridine, 1-phenyl-1H-pyrazole, etc.).  
At first, we will focus on the optimisation of the reaction conditions and then apply them for 
heteroarylation of different heteroarylbenzenes with substituted heteroaryl halides                                
(2-bromo-3-methylpyridine, 2-bromo-4-methylpyridine, 2-bromo-3-methylpyridine,                           
2-bromo-5-(trifluoromethyl)pyridine, etc.). To better understand multiple C–H heteroarylation, 
we will performe H/D exchange experiments with different polypyridylbenzenes.  
4.3 Results and Discussion 
4.3.1 Optimisation of Microwave-Assisted Iterative C–H Bond Heteroarylation 
of 2-Phenylpyridine in Water 
We started our study on the iterative C–H activation reaction of 2-phenylpyridine (19) with 
the excess of 2-bromopyridine (8 equiv.) in the presence of a base (Na2CO3) for the C–H bond 
functionalization in water under microwave heating. The reaction performed in the presence of 
10 mol% of [RuCl2(p-cymene)]2 as the catalyst at 200 °C for 3 h achieved a 92% conversion 
with a mixture of the products 20/21/22/23/24 (14/17/9/7/53) (Table 13, Entry 1). Further, only 
by employing a combination of KOPiv (20 mol%) and PPh3 (10 mol%), the conversion raised 
to 97% with a significant improvement of penta-arylation selectivity (85%) (Table 13, Entry 
2). Lowering the Ru(II) catalyst amount to 5 mol% resulted in the decreasing of a 
heteroarylation selectivity with approximately the same amount of all five products (Table 13, 
Entry 3). No improvement of the penta-arylation selectivity was obtained when PPh3 was 
replaced with di-1-adamantylphosphine or 1,3-bis(2,6-diisopropylphenyl)-1H-imidazol-3-ium 
tetrafluoroborate (Table 13, Entries 4 and 5). Finally, we were pleased to achieve a complete 
conversion with quantitative selectivity of product 24 after increasing the amounts of KOPiv 
(40 mol%) and PPh3 (20 mol%). If radial chromatography was used for purification, 70% 
isolated yield of hexa(2-pyridyl)benzene (24) was achieved. Moreover, when the reaction was 
performed with 1 mmol of 19, the product 24 was obtained with an excellent 97% yield by the 
precipitation with ethyl acetate (Table 13, Entry 6). The reaction performed at a lower 
temperature 150 °C for 3 h afforded highly nonselective distribution of multi-arylated products 
(Table 13, Entry 7). The quantitative penta-arylation of the phenylpyridine 19 with a 62% 
isolated yield was achieved when 2-chloropyridine was used. This result shows that less 
reactive (hetero)aryl chlorides could also be employed as arylation agents in the multiple-C–H 
bond activation/functionalisation under optimised conditions.     




Table 13: The optimisation of poly(hetero)arylation of phenylpyridine 19.a 
aReagents and conditions: 19 (0.25 mmol), 2-bromopyridine (2 mmol), [RuCl2(p-cymene)]2 (0.025 mmol), Na2CO3 
(2.5 mmol), solvent (1 mL), argon. PH(1-Ad)2 = di-1-adamantylphosphine. L1 = 1,3-bis(2,6-diisopropylphenyl)-
1H-imidazol-3-ium tetrafluoroborate. bConversion and ratio determined by 1H NMR. c5 mol% [RuCl2(p-cymene)]2 
used. dIsolated yield by chromatography. ePerformed on 1 mmol of 19 and isolated yield by precipitation from 
EtOAc. fConventional heating at 200 °C. MW = microwave heating. 
Next, the reactions performed using conventional heating at 200 °C for 3 h resulted in a 
mixture of multiarylated products. This experiment, without doubt, indicated the benefits of 
microwaves on the penta-arylation selectivity (Table 13, Entry 8 vs 6). Furthermore, the effects 
of different solvents on the polyarylation reaction were tested. When toluene and 1,4-dioxane 
were used, reaction achieved a 100% conversion. The heteroarylation in toluene was penta-
arylation-selective in contrast to 1,4-dioxane, which led to a mixture of polyarylated products 
(Table 13, Entry 9 vs 10). However, the reaction performed in toluene reached the same 
conversion and the penta-arylation selectivity as in water, but  water remained our preferential 
solvent. NMP as the most common solvent in these C–H bond transformations, was even less 
suitable for the multi-C–H bond heteroarylation under the microwave irradiation. The reaction 
in NMP reached only 80% conversion with a poor selectivity (Table 13, Entry 11). When 




1 [RuCl2(p-cymene)]2 – 200 H2O 92 14/17/9/7/53 
2 [RuCl2(p-cymene)]2 KOPiv (20)/PPh3 (10) 200 H2O 97 2/3/3/7/85 
3c [RuCl2(p-cymene)]2 KOPiv (20)/PPh3 (10) 200 H2O 100 20/19/15/18/28 
4 [RuCl2(p-cymene)]2 
KOPiv (40)/PH(1-Ad)2 
(20) 200 H2O 100 11/11/8/8/62 
5 [RuCl2(p-cymene)]2 KOPiv (40)/L1 (20) 200 H2O 40 100/0/0/0/0 
6 [RuCl2(p-cymene)]2 KOPiv (40)/PPh3 (20) 200 H2O 100 
0/0/0/0/100; 
24; (70%),d (97%)e 
7 [RuCl2(p-cymene)]2 KOPiv (40)/PPh3 (20) 150 H2O 100 20/18/12/30/20 
8f [RuCl2(p-cymene)]2 KOPiv (40)/PPh3 (20) 200  H2O 100  13/13/10/34/30 
9 [RuCl2(p-cymene)]2 KOPiv (40)/PPh3 (20) 200 toluene  100 0/0/0/0/100 
10 [RuCl2(p-cymene)]2 KOPiv (40)/PPh3 (20) 200 1,4-dioxane 100 8/9/6/21/56 
11 [RuCl2(p-cymene)]2 KOPiv (40)/PPh3 (20) 200 NMP 80 47/23/14/4/12 
12 RuCl3 KOPiv (40)/PPh3 (20) 200 H2O 26 80/20/0/0/0 
13 Grubbs 1st KOPiv (40)/PPh3 (20) 200 H2O 98 3/4/3/14/77 
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Ru(III) chloride was used, products 20 and 21 were formed with a combined 26% conversion. 
Interestingly, Grubbs catalyst 1st generation showed good reactivity with 77% penta-arylation 
selectivity and 98% conversion (Table 13, Entry 13). Importantly, although a relatively high 
amount of [RuCl2(p-cymene)]2 precatalyst was used, formally only 2 mol% per C−H bond 
activation were consumed, which is a usual quantity in ruthenium-catalysed direct 
functionalizations. 
4.3.2 The Scope of Microwave-Assisted Iterative C–H Bond Heteroarylation in 
Water 
With the optimised reaction conditions in hand, we explored the generality of the iterative C–
H bond functionalisation on the set of different heteroaryl benzenes. First, 2-phenylpyrimidine 
(1a) was reacted with 2-bromopyridine under the optimised conditions. The penta-arylated 
pyrimidine derivative 27 was obtained in a high 88% isolated yield. Very similar results were 
obtained when N-phenylpyrazole (25) was reacted with 2-bromopyridine (Scheme 61).  
Scheme 61: The scope of multiple-C–H bond functionalisation of heteroarylbenzenes.a,b 
 
aReaction conditions: 1a, 19, or 25 (0.25 mmol), bromopyridine 26 (2 mmol), [RuCl2(p-cymene)]2 (0.025 mmol), 
Na2CO3 (2.5 mmol), KOPiv (0.1 mmol), PPh3 (0.05 mmol), H2O (1 mL), argon, MW 200 °C, 4 h. bYield of isolated 
product by radial chromatography. 




The reaction proceeded smoothly to the polyheteroarylated product 32 with a 84% yield. These 
results indicated that all directing groups, pyridyl, pyrimidyl and pyrazolyl attached to the 
benzene ring, have a comparable influence on the hexa(hetero)arylbenzenes formation. When 
2-phenylpyrimidine (1a) and 2-phenylpyridine (19) were reacted with 8 equivalents of 
sterically more demanding 2-bromo-3-methylpyridine, only ortho-difunctionalized products 7c 
and 29 were obtained in 88% and 70% isolated yields, respectively. The steric interaction 
between the methyl group and parent pyrimidine or pyridine ring could be the main factor for 
the diarylation selectivity. This ortho-ortho interaction induces a conformation rotation of both 
rings and prevents the formation of the ruthenacycle intermediate which requests a planar 
topology. On the other hand, other heteroarylation agents, such as 2-bromo-4-methylpyridine, 
2-bromo-5-methylpyridine and 2-bromo-5-trifluoromethylpyridine, which are sterically less 
congested, were also used. In those cases, the corresponding hexa(hetero)arylbenzenes 29, 30 
and 31 were formed as sole products with the 63%, 92% and 73% isolated yields (Scheme 61).          
Scheme 62: The tetra-C–H bond heteroarylation of 1,4-di(pyrimidin-2-yl)benzene (33).a,b 
 
aReaction conditions: Bispyrimidine substrate 33 (0.25 mmol), Het-Br (1.25 mmol), [RuCl2(p-cymene)]2 (0.025 
mmol), Na2CO3 (1.25 mmol), KOPiv (0.1 mmol), PPh3 (0.05 mmol), H2O (1 mL), argon, MW 200 °C, 4 h. bYield 
of isolated products by chromatography. 
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Next, we investigated the multiple-C–H bond (hetero)arylation of 1,4-di(pyridin-2-yl)benzene 
(33), which has four C–H bonds suitable for the Ru(II)-catalysed functionalisation with the 
selected (hetero)aryl bromides. When 2-bromopyridine, 2-bromo-4-methylpyridine, 2-bromo-
5-methylpyridine and 2-bromoquinoline were used, the C–H functionalisation proceeded 
smoothly and selectively to the corresponding 2,3,5,6-tetra(heteroaryl)-1,4-bispyrimidine 
products 34–37 in good to excellent isolated yields (64–93%) (Scheme 62). Moreover, the use 
of sterically more demanding 2-bromo-6-methylpyridine in heteroarylation resulted in a 
significant decrease of tetra-arylation selectivity. In this case, only 46% of the desired 
hexa(hetero)aryl benzene 38 was isolated. With 2-bromo-3-methylpyridine, besides fully 
arylated product 39 (28%) also an inseparable mixture of heteroarylated products with 
remaining one or two phenyl C–H bonds was obtained. In contrast to the diarylation selectivity 
in case of the products 7c and 28, the formation of fully arylated product 39 suggested that both 
pyrimidine rings acted as directing groups (Scheme 62).    
Scheme 63: The tri-C–H bond heteroarylation of 1,3,6-tri(pyridin-2-yl)benzene (40).a,b 
  
aReaction conditions: Substrate 40 (0.25 mmol), Het-Br (1.25 mmol), [RuCl2(p-cymene)]2 (0.025 mmol), Na2CO3 
(1.25 mmol), KOPiv (0.1 mmol), PPh3 (0.05 mmol), H2O (1 mL), argon, MW 200 °C, 4 h. bYield of isolated 
products by chromatography. c10 equiv. of 2-bromothiophene were used. 
Finally, 1,3,5-tri(pyridin-2-yl)benzene (40)193 was used as a substrate for the preparation of 
the C3 symmetric HHABs via the tri-C–H bond (hetero)arylation. The reactions with 2-bromo-
6-methylpyridine and 2-bromoquinoline proceeded smoothly toward the formation of products 
41 and 42 in 52% and 87% isolated yields, respectively (Scheme 63). The alternative synthesis 
of hexa(2-pyridyl)benzene (24) from trispyridine 40 with a moderate yield 54% is shown in 
Scheme 63. Importantly, to achieve full conversion of tripyridine 40, 10 equivalents of                          
2-bromothiophen were used to obtain product 43 in a 65% isolated yield (Scheme 63).   
 




Interestingly, all three C–H bonds were functionalised when the sterically more congested               
2-bromo-3-methylpyridine was used. With radial chromatography, we were able to isolate two 
isomers 44a and 44b in a ratio of ∼1:1 with a 96% of total yield (Scheme 63). The 
conformations of isomers were determined by 1H NMR spectroscopy and the X-ray diffraction. 
4.3.3 Structure and Properties of Hexaheteroarylbenzenes 
The single crystal of hexa(2-pyridyl)benzene (24) suitable for the X-ray diffraction was 
prepared by slow evaporation of DCM from the solution of the 24 in DCM/heptane mixture 
4:1. The structure analysis revealed the α,β,α,β,α,β arrangement of peripheral pyridine rings in 
the solid state (Figure 6). According to the crystal structure, the dihedral angle between the 
pyridine substituents and the central benzene ring is around 90°. This pyridine ring orientation 
prevents a direct orbital overlap and conjugation effect. The UV/vis absorption spectrum of the 
HHAB 24 was recorded in acetonitrile. The spectrum shows two absorption maxima at 243 nm 
(ε = 25610 M-1 cm-1) and 267 nm (ε = 24610 M-1 cm-1), respectively (Graph 4). On the other 
hand, the UV/vis spectra of 2-phenylpyridine exhibited the so-called arm next to the absorption 
maximum at 274 nm (ε  = 14440 M-1 cm-1), which represents an intramolecular π-conjugation. 
Both maxima of the compound 24 are about 7 nm hypsochromically shifted compared to the 
phenylpyridine 19 (Graph 4).        
 
Figure 6: X-ray crystal structure of 24. 
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Graph 4: UV/vis spectra of 2-phenylpyridine (19) and hexa(2-pyridyl)benzene (24) in MeCN. 
Moreover, crystals of the bispyrimidine derivative 38 suitable for the X-ray diffraction were 
prepared by slow evaporation of DCM from the solution of 38 in DCM. The crystal structure 
analysis revealed two different torsion angles, one for two pyrimidine rings (∼63°) and other 
for 6-methylsubstituted pyridine rings (∼56°) (Figure 7). Pyridine rings are alternating 
orientated around central benzene ring in a way that nitrogen atoms and methyl groups of the 
neighbouring pyridine rings are fully apart in a propeller-like shape.       
 
Figure 7: The X-ray crystal structure of 38. 
As mentioned, the use of sterically more demanding 3-methyl-2-bromopyridine as a coupling 
partner in the C–H functionalisation of the tripyridine 40, resulted in the formation of two 
separable isomers 44a and 44b.         
19 
24 





Figure 8:  The X-ray crystal structure of 44a. 
Due to the high symmetry of these two isomers, the exact structure of both isomers could not 
be easily determined by the NMR spectroscopy. Crystals suitable for X-ray crystallographic 
analysis of both isomers were prepared. The isomer 44a crystallised with slow evaporation of 
DCM from the solution of 44a in DCM/heptane mixture 4:1 while the isomer 44b from the 
DCM/toluene solvent mixture. In compound 44a pyridine rings are in α,β,α,β,α,β arrangement 
in a way that the methyl groups on 3-methylpyridine rings are orientated in the same direction 
(Figure 8). The torsion angles in compound 44a vary from 62° to 79°. In contrast, the rotational 
isomer 44b differentiates only in the rotation of one methylpyridyl group (Figure 9). In this 
rotamer (44b), the torsion angles are in the range 58–79°. 
 
Figure 9: The X-ray crystal structure of 44b. 
After the structures of both isomers 44a,b were known, we decided to study their isomerisation 
behaviour. First, we measured 1H NMR of the compound 44a at different temperatures. 
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Compound 44a started slowly isomerising into the 44b at 350 K. There was no obvious peak 
broadening due to the fast isomerisation, which proceeds faster than the NMR time scale.194 
When the temperature was raised over 350 K, the amount of the isomer 44b started to increase 
until the ratio 44a:44b reached ∼1:1. This ratio remained the same during the sample cooling 
(Figure 10).        
We experimentally determined the rotational barrier of HHAB 44 at 360 K and the energy 
difference between the conformers 44a and 44b. The rotational barrier of the 3-methylpyridine 
ring was calculated by using a simple NMR equilibrium method.195  
 
 


























Graph 5: The percentage of 44a and 44b, during heating and cooling. 
To begin the study, we dissolved rotamer 44a in DMF-d7 and heated the sample solution to 
360 K. The equilibration progress observed by the 1H NMR spectroscopy (Graph 6) revealed 
that the system was in the equilibrium after 200 min, reaching 57:43 ratio between 44a and 44b 
(Graph 6).  
 
Graph 6: The relative ratio of 44a and 44b versus time at 360 K in DMF-d7. 
In DMF-d7, the methyl protons of 44a and 44b can be differentiated as separated singlets 
appearing at 2.31 ppm and 2.20 and 2.11 ppm, respectively. The integration of the peaks area 
were used to determine the molar ratio of both rotamers every 3 min during the 5-hour-period. 
Plotting the natural logarithm of the ratio [(R - Re)/(R + 1)] (R is 44b/44a rotameric ratio at time 
t and Re is the equilibrium ratio) versus time yielded a straight line (Graph 7).  
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Graph 7: The plot of the ratio of natural logarithm versus time.  
In Equation 3, R represents 44b/44a rotameric ratio at time t and Re is the equilibrium ratio. 
The least squares regression equation gave the rate of isomerisation (kisom) as the slope, which 
was –2.3 × 10-4 s-1. Since there are three bonds with restricted rotation in 44, the rate of rotation 
(krot) is third the observed rate of isomerisation.  
The experimentally obtained krot (–7.7 × 10-5 s-1) was inserted into the Eyring equation 
(Equation 4), where kB is the Boltzmann’s constant and h is the Planck’s constant.   
The expressed ΔG‡ (Equation 5) yielded the rotation barrier of 117.1 kJ/mol (28.0 kcal/mol). 
The ΔG° between rotamers 44a and 44b ground states at 360 K was also determined. The 
equilibrium ratio Re at 360 K was inserted into Equation 6. 
The yielded ΔG° at 360 K is 744 J/mol (178 cal/mol) and is much lower than ΔG° obtained 









‡ 𝑅𝑇⁄  (4) 




∆𝐺° = −𝑅𝑇𝑙𝑛(𝑅𝑒) (6) 




the other hand, the experimental rotation barrier ΔG‡ = 28.0 kcal/mol is in line with the 
calculated ΔG‡ = 34.4 kcal/mol (Figure 11).     
 
Figure 11: Conformers of hexa(pyridyl)benzene 44. 
4.3.4 Iterative C–H Bond Poly(hetero)arylation Study 
To achieve a better understanding of the iterative C–H bond functionalisation, the 
transformation experiments between the (2-pyridyl)benzenes 20–23 with 2-bromopyridine 
were performed.  
 
Figure 12: 1H NMR of reactions between multi substituted (2-pyridyl)benzenes 20–23 and 2-bromopyridine. 
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First, the dipyridylbenzene 20 was reacted with 1 equivalent of 2-bromopyridine under the 
optimised reaction conditions at 150 °C for 30 min. The NMR spectrum (Figure 12, Entry 4) 
analysis showed that all poly(pyridyl) products 21–24 were formed. Next, the 
tripyridiylbenzene 21 underwent the same reaction conditions, which led to the formation of 
the compounds 22–24 (Figure 12, Entry 3). In line with this, the same experiments with 22 
obtained products 23–24 (Figure 12, Entry 2). Finally, the pentapyridylbenzene 23 was used in 
the reaction with 1.6 equivalents of 2-bromopyridine. Heating the reaction mixture to 200 °C 
under the microwave irradiation yielded fully heteroarylated benzene 24 (Figure 12, Entry 1).         
 
Figure 13: 1H NMR of reactions between tri(2-pyridyl)benzenes (21) and 2-bromopyridine for 10 and 30 min. 
The polyheteroarylation of tri(2-pyridyl)benzene 21 with 1 equiv. 2-bromopyridine at 150 °C 
for 10 and 30 min were also performed (Figure 13). Transformations resulted in a mixture of 
different polypyridine benzenes 22–24. In both reactions, the starting phenylpyridine 21 
remained in the crude reaction mixtures. However, the 30 min reaction achieved a higher 
conversion with 1.9:1 (22:23) ratio (Figure 13, Entry 1), while the 10 min reaction reached 
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    These experiments indicate that every newly introduced pyridine ring can act as a directing 
group in the further C–H bond (hetero)arylation. The iterative C–H bond poly(hetero)arylation 
of 2-phenylpyridine proceeded step by step via chelate assisted C–H activation with a newly 
installed pyridyl group.   
Finally, the pyridyl benzenes 19–23 were used in deuterium exchange experiments. Each of 
them underwent optimised reaction conditions without a coupling agent in D2O at 80 °C for 10 
min. The crude reaction mixtures were further analysed by the 1H NMR spectroscopy. The 
percentage of the deuterium exchange is summarised in Graph 8. The highest percentage of 
deuterium was incorporated when phenylpyridine 19 was used (72%). This can be attributed to 
ruthenium, which stays coordinated on the pyridine nitrogen atom during the rotation toward 
the second ortho-C–H bond. In contrast, the H/D exchange percentages for substrates 20–23 
are lower and decrease from 20 to 23 (38% to 17%). Most probably, sterically congestion effects 
on the system ability to occupy a planar conformation, which is requested for the ruthenacycle 
formation.      
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4.4 Conclusion 
In summary, this chapter presents our development of a versatile and a highly selective 
methodology for the synthesis of hexa(heteroaryl)benzenes via the microwave-assisted Ru(II)-
catalysed multiple C–H bond activation in water without surfactant.  
Our methodology enabled to install up to five heteroaryl groups around the central benzene 
ring, containing 2-pyridyl, 2-pyrimidyl or 2-pyrazolyl directing groups. Those groups were 
prone to undergo the cascade C–H bond heteroarylation with 2-bromopyridine derivatives. 
Every newly introduced 2-pyridyl group initiated the next C–H bond activation of the central 
phenyl ring via the chelation assistance. Thus, our methodology offers advantages over 
previously known methods due to easy accessible starting materials, high isolated yields and an 















4.5 Experimental Section 
General Information 
All reagents were commercial-grade used without further purification. Reactions were 
monitored by analytical thin-layer chromatography (TLC) on Fluka silica gel TLC. Column 
chromatography was performed on 230–400 mesh silica gel. Merck silica gel 60 PF254 
containing gypsum was used to prepare chromatotron plates. Radial chromatography was 
performed with a Harrison Research chromatotron, model 7924 T. Melting points were 
determined on a Kofler micro hot stage instrument and with SRS OptiMelt MPA100-
Automated Melting Point System and are uncorrected. The NMR spectroscopy data were 
recorded at 296 K with Bruker Advance III 500 MHz for 1H NMR and 126 MHz for 13C NMR. 
All NMR data were recorded in a CDCl3 and are given in ppm (δ). Chemical shifts for 1H NMR 
were referenced to TMS as an internal standard. The 13C NMR data are referenced against the 
central line of the CHCl3 triplet at δ 77.16 ppm. The coupling constants are given in Hertz (Hz). 
For the multiplicity signification, the standard abbreviation was used: s (singlet), d (doublet), t 
(triplet), q (quartet), sept (septet), m (multiplet), and br (broad). IR spectra were obtained with 
a Bruker ALPHA FT-IR spectrophotometer and reported in reciprocal centimetres (cm-1). High-
resolution mass spectra were recorded with an Agilent 6224 Accurate Mass TOF LC/MS 
instrument. Elemental analysis (C, H, N) were performed with a Perkin-Elmer 2400 Series II 
CHNS/O Analyzer. The reactions with microwave heating were performed with a CEM 
Discovery Microwave. The machine consists of a continuous, focused-microwave, power-
delivery system with an operator-selectable power output from 0 to 300 W. Reactions were 
performed in glass vessels (capacity 10 mL) sealed with a septum. The pressure was controlled 
by a load cell connected to the vessel via the septum. The temperature of the content of the 
vessel was monitored using a calibrated, infrared, temperature controller mounted under the 
reaction vessel. All the mixtures were stirred with a Teflon-coated, magnetic stirring bar in the 
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Synthesis of Starting Compounds 33 and 40: 
1,4-Di(pyrimidin-2-yl)benzene (33) 
 
Compound 33 was prepared by following a slightly modified literature procedure.197 To 
solution of CoBr2 (220 mg, 1 mmol, 13 mol %) and Zinc powder (1.8 g, 27 mmol) in acetonitrile 
(6 mL), allylchloride (250 µL, 3 mmol) and TFA (100 µL) were added. After stirring the 
mixture for 3 min at room temperature, 1,4-dibromobenzene (1.8 g, 7.5 mmol) and 2-
chloropyrimidine (1.72 g, 15 mmol) were added. The reaction mixture was then stirred at 50 
°C for 12 h. DCM (25 mL) was added to the reaction mixture. The organic phase was washed 
with an aqueous solution of NH4Cl (2 x 25 mL), brine (25 mL), dried over anh. NaSO4, filtered 
and evaporated in vacuo. The crude product was triturated with acetonitrile, and the solid 
product was filtered off and washed with Et2O (2 x 5 mL) and dried to get compound 33 (750 
mg, 43%), as a pale brown solid. 1H NMR (500 MHz, CDCl3): δ 8.85 (d, J = 4.8 Hz, 4H), 8.59 
(s, 4H), 7.22 (t, J = 4.8 Hz, 2H). HR-MS (ESI) calcd for C14H11N4 [M+H]+: 235.0978, found: 
235.0979. FT-IR (ATR); νmax/cm-1 3055, 3026, 2962, 1557, 1511, 1412, 1316, 809, 775, 739.  
Analytical data are in agreement with the literature data.197   
 
Synthesis of 1,3,5-Tri(pyridin-2-yl)benzene (40) 
 
Compound 40 was prepared by following slightly modified literature procedure for Stille 
reaction.198 A mixture of 2-tri-n-butylstannylpyridine (1.17 mL, 3.5 mmol), 1,3,5-
tribromobenzene (317 mg, 1 mmol), bis(triphenylphosphine)palladium(II) chloride (34 mg, 
0.05 mmol) and lithium chloride (294 mg, 7 mmol) in dry toluene (3 mL) were degassed by 
five freeze-pump-thaw cycles. The reaction mixture was then stirred and heated under reflux at 
115 °C for 72 h under Ar atmosphere. The solution was filtered, and the residue was washed 
with toluene (3 mL). Saturated aqueous potassium fluoride solution (5 ml) was added, and the 




resulting two-phase system was stirred for 30 min. The solid tin residue was removed by 
filtration and washed with toluene (3 x 3 mL). Phases were separated, and the organic phase 
was dried over anh. Na2SO4, filtered and evaporated in vacuo. The crude product was triturated 
with petroleum ether, and the precipitate was filtered off, washed with Et2O (2 x 5 mL) and 
dried to get compound 40 (154 mg, 0.50 mmol, 50%) as an orange solid. 1H NMR (500 MHz, 
CDCl3): δ 8.75 (ddd, J = 4.9, 1.9, 1.0 Hz, 3H), 8.73 (s, 3H), 7.97 (dt, J = 8.0, 1.0 Hz, 3H), 7.81 
(td, J = 7.7, 1.8 Hz, 3H), 7.28 (ddd, J = 7.6, 4.8, 1.1 Hz, 3H). HRMS (ESI) calcd for C21H16N3 
[M+H]+: 310.1339, found: 310.1341. FT-IR (ATR); νmax/cm-1 3049, 1582, 1564, 1473, 1444, 
1405, 1253, 769, 738, 643. Analytical data are in agreement with the literature data.198 
 
General Procedure for Multiple C–H Activation of 1a, 19, and 25 
A microwave vial was loaded with 2-phenylpyrimidine (1a), 2-phenylpyridine (19), or 1-
phenyl-1H-pyrazole (25) (0.25 mmol), heteroaryl halide (2 mmol), [RuCl2(p-cymene)]2 (15 mg,  
0.025 mmol), PPh3 (13 mg, 0.05 mmol), potassium pivalate (KOPiv) (14 mg, 0,10 mmol), and 
Na2CO3 (260 mg, 2.5 mmol). The mixture was suspended in 1 mL of H2O, bubbled with Ar for 
3 min and heated at 200 °C under the microwave irradiation (max 100 W) for the indicated 
time. The reaction mixture was then cooled to room temperature and diluted with 10 mL DCM 
and 10 mL H2O. The product was extracted with DCM (2 x 10 mL). The combined organic 
phases were dried over anh. Na2SO4, filtered and evaporated in vacuo. The crude product was 
further purified by radial chromatography on silica gel using a mixture of DCM and MeOH. 
The following compounds were prepared in this manner: 
 
1,2,3,4,5,6-Hexa(pyridin-2-yl)benzene (24) 
Prepared from 2-phenylpyridine (19) (36.4 µL, 0.25 mmol) and 2-
bromopyridine (190 µL, 2 mmol). Radial chromatography (DCM/MeOH: 
50/1 to 10/1) yielded 24 (95 mg, 0.175 mmol, 70%) as a pale yellow solid. 
Reaction time 3 h. Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.14 
(ddd, J = 5.0, 1.8, 0.9 Hz, 6H), 7.21 (td, J = 7.7, 1.8 Hz, 6H), 6.99 (d, J = 7.9 
Hz, 6H), 6.77 (ddd, J = 7.5, 4.9, 1.2 Hz, 6H). 13C NMR (126 MHz, CDCl3): δ 158.4, 148.1, 
140.3, 134.6, 127.0, 120.6. HR-MS (ESI) calcd for C36H26N6 [M+2H]2+: 271.1104, found: 
271.1110. FT-IR (ATR); νmax/cm-1 3011, 3002, 1585, 1561, 1475, 1148, 991, 753. Elemental 
analysis calcd (%) for C36H24N6 × 0.25CH2Cl2: C 77.49, H 4.40, N 14.96; found: C 77.60, H 
4.28, N 15.10. Analytical data are in agreement with the literature data.185 
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2-(2,3,4,5,6-Penta(pyridin-2-yl)phenyl)pyrimidine (27) 
Prepared from 2-phenylpyrimidine (1a) (39 mg, 0.25 mmol) and 2-
bromopyridine (190 µL, 2 mmol). Radial chromatography (DCM/MeOH: 
50/1 to 10/1) yielded 27 (119 mg, 0.22 mmol, 88%) as a pale yellow solid. 
Reaction time 4 h. Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.29 
(d, J = 4.9 Hz, 2H), 8.16 (d, J = 4.6 Hz, 2H), 8.14 (d, J = 5.3 Hz, 1H), 8.12 
(d, J = 4.7 Hz, 2H), 7.22 (tq, J = 7.7, 2.1 Hz, 5H), 6.99 (dd, J = 7.7, 5.0 Hz, 
4H), 6.96 (d, J = 8.2 Hz, 1H), 6.83–6.77 (m, 3H), 6.75 (t, J = 4.8 Hz, 1H). 13C NMR (126 MHz, 
CDCl3): δ 167.3, 158.0, 157.9, 157.8, 155.5, 148.0, 147.9, 140.5, 139.9, 139.9, 139.4, 134.7, 
134.6, 134.6, 133.4, 133.3, 127.0, 126.6, 120.6, 120.5, 120.5, 117.3. FT-IR (ATR); νmax/cm-1  
3053, 3003, 1587, 1562, 1475, 1430, 1394, 1283, 1265, 1172, 1150, 1095, 992, 894, 852, 815, 




Prepared from 2-phenylpyridine (19) (36.4 µL, 0.25 mmol) and 2-bromo-
3-methylpyridine (227 µL, 2 mmol). Radial chromatography 
(DCM/MeOH: 50/1) yielded 28 (59 mg, 0.175 mmol, 70%) as a pale brown 
semisolid. Reaction time 4 h. 1H NMR (500 MHz, CDCl3): δ 8.35 (m, 2H), 
8.15–8.06 (m, 1H), 7.58 (dd, J = 8.1, 7.1 Hz, 1H), 7.47 (d, J = 7.6 Hz, 2H), 7.28 (d, J = 7.8 Hz, 
2H), 7.18 (td, J = 7.7, 1.9 Hz, 1H), 7.03 (dd, J = 7.6, 4.8 Hz, 2H), 6.88 (dt, J = 7.9, 1.1 Hz, 1H), 
6.78 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 1.89 (s, 6H). 13C NMR (126 MHz, CDCl3): δ 159.1, 157.5, 
147.9, 146.0, 140.3, 138.4, 137.0, 134.1, 131.7, 129.1, 128.1, 125.9, 121.7, 120.5, 19.0.  HRMS 
(ESI) calcd for C23H20N3 [M+H]+: 338.1652, found: 338.1649. FT-IR (ATR); νmax/cm-1 3047, 




Prepared from 2-phenylpyridine (19) (36.4 µL, 0.25 mmol) and 2-
bromo-4-methylpyridine (222 µL, 2 mmol). Radial chromatography 
(DCM/MeOH: 50/1 to 5/1) yielded 29 (95 mg, 0.158 mmol, 63%) as a 
pale brown solid. Reaction time 4 h. Mp. >300 °C (dec.). 1H NMR (500 
MHz, CDCl3): δ 8.15 (dd, J = 5.1, 2.0, 1H), 8.06–7.87 (m, 5H), 7.24 (td, 




J = 7.8, 1.8, 1H), 7.03 (d, J = 7.9, 1H), 6.88 (s, 5H), 6.79 (ddd, J = 7.5, 4.9, 1.1, 1H), 6.67–6.49 
(m, 5H), 2.01 (s, 15H). 13C NMR (126 MHz, CDCl3): δ 158.5, 158.0, 147.8, 147.6, 147.5, 
145.8, 140.1, 140.1, 140.0, 140.0, 134.8, 128.1, 127.1, 121.7, 120.6, 20.7, (11 signals are 
missing due to overlapping). HRMS (ESI) calcd for C41H36N6 [M+2H]2+: 306.1495, found: 




Prepared from 2-phenylpyridine (19) (36.4 µL, 0.25 mmol) and 2-
bromo-5-methylpyridine (340 mg, 2 mmol). Radial chromatography 
(DCM/MeOH: 50/1 to 5/1) yielded 30 (140 mg, 0.23 mmol, 92%) as a 
pale brown solid. Reaction time 4 h. Mp. >300 °C (dec.). 1H NMR (500 
MHz, CDCl3): δ 8.19–8.09 (m, 1H), 8.04–7.85 (m, 5H), 7.18 (td, J = 
7.7, 1.8 Hz, 1H), 7.06–6.97 (m, 5H), 6.96 (d, J = 7.9 Hz, 1H), 6.94–6.81 
(m, 5H), 6.74 (ddd, J = 7.5, 5.0 Hz, 1.2, 1H), 2.27–1.91 (m, 15H). 13C NMR (126 MHz, CDCl3): 
δ 158.9, 155.8, 155.7, 148.2, 147.8, 140.2, 140.0, 140.0, 135.1, 135.1, 134.3, 129.3, 126.9, 
126.3, 120.2, 18.2, 18.1 (10 signals are missing due to overlapping). HRMS (ESI) calcd for 
C41H36N6 [M+2H]2+: 306.1495, found: 306.1500. FT-IR (ATR); νmax/cm-1  2997, 2866, 1597, 




Prepared from 2-phenylpyridine (19) (36.4 µL, 0.25 mmol) and 2-
bromo-5-(trifluoromethyl)pyridine (452 mg, 2 mmol). Radial 
chromatography (DCM/MeOH: 50/1 to 10/1) yielded 31 (160 mg, 
0.183, 73%) as a pale brown solid. Reaction time 4 h. Mp. >300 °C 
(dec.). 1H NMR (500 MHz, CDCl3): δ 8.43 (br s, 5H), 8.19 (d, J = 
5.0 Hz, 1H), 7.53 (ddd, J = 10.9, 8.2, 2.3 Hz, 5H), 7.30 (td, J = 7.7, 
1.8 Hz, 1H), 7.09 (d, J = 8.2 Hz, 5H), 6.98–6.82 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 
161.0, 160.9, 160.8, 156.6, 148.8, 145.5–145.2 (m, 3×C), 141.1, 140.0, 139.8, 139.4, 135.4, 
132.3 (q, J = 3.3 Hz), 132.3 (q, J = 3.4 Hz), 132.2 (q, J = 3.4 Hz), 126.6, 126.5, 126.4, 126.4, 
124.5 (q, J = 33.2 Hz), 124.4 (q, J = 33,4 Hz), 124.2 (q, J = 33,2 Hz), 123.4 (q, J = 272.5 Hz), 
123.3 (q, J = 272.5 Hz), 123.3 (q, J = 272.5 Hz), 121.8. HRMS (ESI) calcd for C41H20F15N6 
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[M+H]+: 881.1504, found: 881.1499. FT-IR (ATR); νmax/cm-1 3049, 1601, 1324, 1164, 1120, 
1077, 937, 730. 
 
2,2',2'',2''',2''''-(6-(1H-pyrazol-1-yl)benzene-1,2,3,4,5-pentayl)pentapyridine (32) 
Prepare from 1-phenyl-1H-pyrazole (25) (33 µL, 0.25 mmol) and 2-
bromopyridine (190 µL, 2 mmol). Radial chromatography (DCM/MeOH: 
25/1 to 10/1) yielded 32 (110 mg, 0.21 mmol, 84%) as a pale brown solid. 
Reaction time 4 h. Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.21 
(d, J = 3.9 Hz, 2H), 8.15 (d, J = 3.9 Hz, 3H), 7.30 (td, J = 7.7, 1.8 Hz, 2H), 
7.25–7.20 (m, 4H), 7.15 (d, J = 1.8, 1H), 7.04 (d, J = 7.9 Hz, 2H), 6.99 (dd, J = 7.9, 3.3 Hz, 
3H), 6.87 (ddd, J = 7.6, 4.9, 1.2 Hz, 2H), 6.83–6.75 (m, 3H), 5.87 (t, J = 2.14 Hz, 1H). 13C 
NMR (126 MHz, CDCl3): δ 157.9, 157.7, 156.0, 148.3, 148.2, 148.2, 141.2, 141.2, 139.4, 
139.0, 138.2, 135.1, 134.7, 133.3, 126.9, 126.7, 125.6, 121.2, 120.8, 105.4, (2 signals are 
missing due to overlapping). HRMS (ESI) calcd for C34H24N7 [M+H]+: 530.2088, found: 
530.2072. FT-IR (ATR); νmax/cm-1 3050, 1586, 1562, 1477, 1429, 1402, 991, 746, 724, 615.  
 
General Procedure for Multiple C–H Activation of 33 and 40 
A microwave vial was loaded with heteroarylbenzene 33 or 40 (0.25 mmol), heteroaryl halide 
(1,25 mmol), [RuCl2(p-cymene)]2 (15 mg,  0.025 mmol), PPh3 (13 mg, 0.05 mmol), KOPiv (14 
mg, 0,10 mmol), and Na2CO3 (130 mg, 1,25 mmol). The mixture was suspended in 1 mL of 
H2O, bubbled with Ar for 3 min and heated at 200 °C under the microwave irradiation (max 
100 W) for 4 h. The reaction mixture was then cooled to room temperature and diluted with 10 
mL DCM and 10 mL H2O. The product was extracted with DCM (2 x 10 mL). The combined 
organic phases were dried over anh. Na2SO4, filtered and evaporated in vacuo. The crude 
product was further purified by radial chromatography on silica gel using a mixture of DCM 
and MeOH. 











Prepared from 1,4-di(pyrimidin-2-yl)benzene (33) (58 mg, 0.25 mmol) and 
2-bromopyridine (119 µL, 1,25 mmol). Radial chromatography 
(DCM/MeOH: 50/1 to 5/1) yielded 34 (91 mg, 0.168 mmol, 67%) as a 
brown solid. Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.28 (d, J 
= 4.9, 1H), 8.13 (ddd, J = 5.0, 1.9, 1.0, 4H), 7.23 (td, J = 7.7, 1.8, 4H), 6.98 
(dt, J = 7.9, 1.1, 4H), 6.81 (ddd, J = 7.5, 4.9, 1.2, 4H), 6.77 (t, J = 4.9, sH). 
13C NMR (126 MHz, CDCl3): δ 167.63, 158.20, 155.58, 148.04, 140.11, 140.06, 134.76, 
127.15, 120.69, 117.30. HRMS (ESI) calcd for C34H24N8 [M+2H]2+: 272.1056, found: 
272.1069. FT-IR (ATR); νmax/cm-1 3128, 1585, 1557, 1466, 1430, 1403, 1384, 907, 838, 788, 
721, 643. Elemental analysis calcd (%) for C34H22N8 × 0.2H2O: C 74.77, H 4.13, N 20.52; 
found: C 74.83, H 3.93, N 20.51. 
 
2,2'-(2,3,5,6-Tetrakis(4-methylpyridin-2-yl)-1,4-phenylene)dipyrimidine (35) 
Prepared from 1,4-di(pyrimidin-2-yl)benzene (33) (58 mg, 0.25 mmol) 
and 2-bromo-4-methylpyridine (140 µL, 1,25 mmol). Radial 
chromatography (DCM/MeOH: 25/1 to 5/1) yielded 35 (100 mg, 0.165 
mmol, 66%) as a pale brown solid Mp. >300 °C (dec.). 1H NMR (500 
MHz, CDCl3): δ 8.32 (d, J = 4.9, 4H), 7.97 (d, J = 5.1, 4H), 6.82 (s, 4H), 
6.79 (t, J = 4.9, 2H), 6.63–6.60 (m, 4H), 1.98 (s, 12H). 13C NMR (126 
MHz, CDCl3): δ 167.9, 158.0, 155.5, 147.6, 145.7, 140.0, 140.0, 128.2, 121.7, 117.3, 20.8. 
HRMS (ESI) calcd for C38H32N8 [M+2H]2+: 300.1369, found: 300.1382. FT-IR (ATR); 
νmax/cm-1 3044, 1601, 1555, 1458, 1376, 991, 827, 812, 627.  
 
2,2'-(2,3,5,6-Tetrakis(5-methylpyridin-2-yl)-1,4-phenylene)dipyrimidine (36) 
Prepared from 1,4-di(pyrimidin-2-yl)benzene (33) (58 mg, 0.25 mmol) 
and 2-bromo-5-methylpyridine (215 mg, 1,25 mmol). Radial 
chromatography (DCM/MeOH: 25/1 to 5/1) yielded 36 (140 mg, 0.233 
mmol 93%) as a pale brown solid. Mp. >300 °C (dec.). 1H NMR (500 
MHz, CDCl3): δ 8.29 (d, J = 4.9, 4H), 8.02–7.68 (m, 4H), 7.10–7.00 (m, 
4H), 6.84 (dd, J = 8.0, 0.9, 4H), 6.76 (t, J = 4.8, 2H), 2.11 (s, 12H). 13C 
NMR (126 MHz, CDCl3): δ 168.1, 155.5, 155.5, 148.3, 140.3, 139.8, 135.5, 129.7, 126.6, 
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117.1, 18.2. HRMS (ESI) calcd for C38H31N8 [M+H]+: 599.2666, found: 599.2663. FT-IR 
(ATR); νmax/cm-1 3034, 2921, 1651, 1597, 1556, 1493, 1455, 1369, 1258, 1029, 843, 677.  
 
2,2',2'',2'''-(3,6-Di(pyrimidin-2-yl)benzene-1,2,4,5-tetrayl)tetraquinoline (37) 
Prepared from 1,4-di(pyrimidin-2-yl)benzene (33) (58 mg, 0.25 
mmol) and 2-bromoquinoline (260 mg, 1.25 mmol). Radial 
chromatography (DCM/MeOH: 50/1 to 10/1) yielded 37 (120 mg, 
0.16 mmol, 64%) as a pale green solid. Mp. >300 °C (dec.). 1H 
NMR (500 MHz, CDCl3): δ 8.11 (d, J = 4.9, 4H), 7.61 (d, J = 8.1 
Hz, 4H), 7.60 (d, J = 8.4 Hz, 4H), 7.57–7.53 (m, 4H), 7.50–7.43 (m, 
4H), 7.36 (ddd, J = 8.0, 6.8, 1.2, 4H), 7.15 (d, J = 8.5, 4H), 6.52 (t, J = 4.9, 2H). 13C NMR (126 
MHz, CDCl3): δ 168.0, 158.7, 155.5, 147.4, 141.3, 140.8, 134.6, 129.5, 128.8, 127.3, 126.2, 
126.1, 125.2, 117.1. HRMS (ESI) calcd for C50H32N8 [M+2H]2+: 372.1369, found: 372.1376. 
FT-IR (ATR); νmax/cm-1 3040, 1615, 1595, 1558, 1502, 1456, 1424, 824, 769, 748.  
 
2,2'-(2,3,5,6-Tetrakis(6-methylpyridin-2-yl)-1,4-phenylene)dipyrimidine (38) 
Prepared from 1,4-di(pyrimidin-2-yl)benzene (33) (58 mg, 0.25 mmol) 
and 2-bromo-6-methylpyridine (142 µL, 1.25 mmol). Radial 
chromatography (DCM/MeOH: 50/1 to 10/1) yielded 38 (69 mg, 0.115 
mmol, 46%) as a pale brown solid. Mp. 269–273 °C (dec.). 1H NMR 
(500 MHz, CDCl3): δ 8.32 (d, J = 4.9, 4H), 7.11 (t, J = 7.7, 4H), 6.79 (t, 
J = 4.9, 2H), 6.75 (d, J = 7.8, 4H), 6.66 (d, J = 7.6, 4H), 2.09 (s, 12H). 
13C NMR (126 MHz, CDCl3): δ 168.4, 157.5, 156.5, 155.2, 140.4, 139.9, 134.9, 124.2, 119.9, 
117.0, 24.1. HRMS (ESI) calcd for C38H32N8 [M+2H]2+: 300.1369, found: 300.1370. FT-IR 
(ATR); νmax/cm-1 3038, 2926, 1589, 1559, 1469, 1384, 806, 799, 633. Elemental analysis calcd 
(%) for C38H30N8 × 0.25H2O: C 75.66, H 5.10, N 18.58; found: C 75.32, H 4.76, N 18.37. 
 
2,2'-(2,3,5,6-Tetrakis(6-methylpyridin-2-yl)-1,4-phenylene)dipyrimidine (39) 
Prepared from 1,4-di(pyrimidin-2-yl)benzene (33) (58 mg, 0.25 mmol) and 2-bromo-3-
methylpyridine (142 µL, 1.25 mmol). Radial chromatography (DCM/MeOH: 50/1 to 10/1) 
yielded 39 (42 mg, 0.07 mmol 28%) as a pale brown solid, and a mixture (28 mg) of 39’ and 
39’’.  




Data for 39: 
Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.26 (d, J = 4.9 
Hz, 4H), 8.09–7.97 (m, 4H), 7.07 (ddd, J = 7.6, 1.8, 0.9 Hz, 4H), 6.72 
(dd, J = 7.6, 4.8 Hz, 4H), 6.67 (t, J = 4.9 Hz, 2H), 2.33 (s, 12H). 13C 
NMR (126 MHz, CDCl3): δ 166.8, 157.3, 155.7, 145.0, 139.1, 139.0, 
136.3, 134.9, 121.6, 117.6, 20.1. HRMS (ESI) calcd for C38H32N8 
[M+2H]2+: 300.1369, found: 300.1375. FT-IR (ATR); νmax/cm-1 3041, 
2919, 1582, 1561, 1457, 1383, 1209, 1110, 797, 784, 725, 631.  
Data for 39’: 
1H NMR (500 MHz, CDCl3): δ 8.50 (d, J = 4.8 Hz, 2H), 8.35 (s, 1H), 
8.31 (dd, J = 4.8, 1.6 Hz, 1H), 8.27 (d, J = 4.8 Hz, 2H), 8.10 (dd, J = 4.9, 
1.7 Hz, 1H), 8.04 (dd, J = 4.8, 1.8 Hz, 1H), 7.40–7.34 (m, 1H), 7.14 (d, 
J = 7.8 Hz, 1H), 7.07 (d, J = 8.2 Hz, 1H), 7.03–6.95 (m, 2H), 6.82 (dd, J 
= 7.6, 4.8 Hz, 1H), 6.74–6.72 (m, 2H), 2.20 (s, 6H), 2.14 (s, 3H). HRMS 
(ESI) calcd for C32H27N7 [M+2H]2+: 254.6158, found: 254.6164. 
Data for 39’’: 
1H NMR (500 MHz, CDCl3): δ 8.81 (d, J = 4.8 Hz, 2H), 8.61 (s, 2H), 
8.28 (d, J = 4.9 Hz, 2H), 8.03–8.00 (m, 2H), 7.43–7.39 (m, 2H), 7.21 (t, 
J = 4.8 Hz, 1H), 6.77 (t, J = 4.9 Hz, 1H), 6.69 (dd, J = 7.6, 4.8 Hz, 2H), 





Prepared from 1,3,4-tri(pyridin-2-yl)benzene (40) (77 mg, 0.25 mmol) 
and 2-bromo-6-methylpyridine (141 µL, 1.25 mmol). Radial 
chromatography (DCM/MeOH: 50/1 to 5/1) yielded 41 (76 mg, 0.13 
mmol, 52%) as a pale brown solid. Mp. >300 °C (dec.). 1H NMR (500 
MHz, CDCl3): δ 8.15 (ddd, J = 5.1, 1.8, 1.0 Hz, 3H), 7.22 (tt, J = 7.7, 1.5 
Hz, 3H), 7.08 (td, J = 7.7, 1.1 Hz, 3H), 7.01 (dt, J = 8.2, 1.2 Hz, 3H), 6.78 
(ddt, J = 7.2, 4.8, 1.1 Hz, 3H), 6.73 (d, J = 7.7 Hz, 3H), 6.67–6.50 (m, 3H), 2.10 (s, 9H). 13C 
NMR (126 MHz, CDCl3): δ 159.0, 157.6, 156.5, 147.8, 140.3, 140.1, 134.9, 134.2, 127.2, 
112                          Microwave-Assisted Multiple C–H Activation in the Synthesis of Hexa(heteroaryl)benzenes 
    
123.8, 120.3, 119.7, 24.0. HRMS (ESI) calcd for C39H32N6 [M+2H]2+: 292.1339, found: 




Prepared from 1,3,4-tri(pyridin-2-yl)benzene (40) (77 mg, 0.25 
mmol) and 2-bromoquinoline (260 mg, 1.25 mmol). Radial 
chromatography (DCM/MeOH: 50/1 to 5/1) yielded 42(150 mg, 0.218 
mmol, 87%) as a pale green solid. Mp. >300 °C (dec.). 1H NMR (500 
MHz, CDCl3): δ 7.98 (dt, J = 4.8, 1.4 Hz, 3H), 7.67 (d, J = 8.5 Hz, 
6H), 7.57 (dd, J = 8.1, 1.5 Hz, 3H), 7.47 (ddd, J = 8.4, 6.9, 1.5 Hz, 
3H), 7.35 (ddd, J = 8.1, 6.7, 1.2 Hz, 3H), 7.12 (d, J = 8.5 Hz, 3H), 
7.10–7.00 (m, 6H), 6.58 (ddd, J = 6.9, 4.9, 1.6 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 159.0, 
158.4, 148.1, 147.3, 140.9, 140.7, 134.5, 134.2, 129.4, 128.7, 127.2, 127.1, 126.0, 125.8, 124.7, 
120.5. HRMS (ESI) calcd for C48H32N6 [M+2H]2+: 346.1339, found: 346.1332. FT-IR (ATR); 
νmax/cm-1 3053, 3007, 1616, 1587, 1561, 1500, 1177, 1166, 842, 825, 748.  
 
2,2',2''-(2,4,6-Tri(pyridin-2-yl)benzene-1,3,5-triyl)triquinoline (43) 
Prepared from 1,3,4-tri(pyridin-2-yl)benzene (40) (77 mg, 0.25 mmol) and 
2-bromothiophen (241 µL, 1.25 mmol). Radial chromatography 
(DCM/MeOH: 50/1 to 5/1) yielded 43 (90 mg, 0.163 mmol, 65%) as a pale 
yellow solid. Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.34 (d, J 
= 4.9 Hz, 3H), 7.32 (td, J = 7.7, 1.8 Hz, 3H), 7.02 (d, J = 7.9 Hz, 3H), 6.97–
6.86 (m, 6H), 6.56–6.47 (m, 6H). 13C NMR (126 MHz, CDCl3): δ 158.54, 
148.28, 143.06, 139.86, 134.96, 133.98, 129.61, 126.17, 126.02, 125.76, 121.30. HRMS (ESI) 
calcd for C33H23N3S3 [M+2H]2+: 278.5522, found: 278.5519. FT-IR (ATR); νmax/cm-1 3052, 
3001, 1587, 1564, 1472, 1427, 1390, 1232, 781, 745, 726, 695.  
 
2,2',2''-(2,4,6-Tri(pyridin-2-yl)benzene-1,3,5-triyl)tris(3-methylpyridine) (44) 
Prepared from 1,3,4-tri(pyridin-2-yl)benzene (40) (77 mg, 0.25 mmol) and 2-bromo-3-
mehylpyridine (141 µL, 1.25 mmol). Radial chromatography (DCM/MeOH: 50/1 to 5/1) 




yielded conformer 44a (74 mg, 0.128 mmol, 51%) as a pale orange solid and conformer 44b 
(65 mg, 0.113 mmol, 45%) as a pale orange solid.    
Data for conformer 44a 
Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.04–7.96 (m, 6H), 
7.15 (td, J = 7.7, 1.8 Hz, 3H), 7.08 (dt, J = 7.5, 1.0 Hz, 3H), 7.06 (dt, J = 
8.0, 1.2 Hz, 3H), 6.73 (dd, J = 7.6, 4.8 Hz, 3H), 6.70 (ddd, J = 7.5, 4.9, 1.2 
Hz, 3H), 2.21 (s, 9H). 13C NMR (126 MHz, CDCl3): δ 158.4, 157.7, 147.8, 
145.0, 139.4, 139.3, 136.2, 134.8, 134.2, 127.2, 121.3, 120.7, 19.7. HRMS (ESI) calcd for 
C39H32N6 [M+2H]2+: 292.1339, found: 292.1329. FT-IR (ATR); νmax/cm-1 3047, 3000, 1583, 
1563, 1473, 1392, 1109, 989, 786, 748.  
 
Data for conformer 44b 
Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.18 (dd, J = 4.8, 1.8, 
1H), 8.15 (ddd, J = 5.0, 1.9, 1.0, 2H), 8.10 (dd, J = 4.8, 1.8, 2H), 7.97 (dt, J 
= 5.0, 1.5, 1H), 7.18–7.11 (m, 4H), 7.02 (ddt, J = 10.3, 7.6, 1.6, 5H), 6.77–
6.64 (m, 6H), 2.11 (s, 6H), 2.04 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 
158.0, 157.8, 157.7, 157.6, 148.0, 147.6, 145.3, 145.2, 139.7, 139.5, 139.4, 139.4, 136.5, 136.3, 
134.1, 134.0, 133.7, 133.3, 127.3, 125.4, 121.4, 121.3, 120.7, 120.6, 19.7, 19.6. HRMS (ESI) 
calcd for C39H32N6 [M+2H]2+: 292.1339, found: 292.1343. FT-IR (ATR); νmax/cm-1 3047, 
3000, 1583, 1563, 1473, 1392, 1109, 989, 786, 748.  
 
Synthesis of Polypyridylbenzens 20–24 
A microwave vial was loaded with 2-phenypyridine (19) (36.4 µL, 0.25 mmol), 2-
bromopyridine (190 µL, 2 mmol), [RuCl2(p-cymene)]2 (15 mg,  0.025 mmol), PPh3 (13 mg, 
0.05 mmol), KOPiv (14 mg, 0,10 mmol), and Na2CO3 (260 mg, 2.5 mmol). The mixture was 
suspended in H2O (1 mL), bubbled with Ar for 3 min and heated at 150 °C under the microwave 
irradiation (max 100 W) for 3 h. The reaction mixture was then cooled to room temperature and 
diluted with 10 mL DCM and 10 mL H2O. The product was extracted with DCM (2 x 10 mL). 
114                          Microwave-Assisted Multiple C–H Activation in the Synthesis of Hexa(heteroaryl)benzenes 
    
The combined organic phases were dried over anh. Na2SO4, filtered and evaporated in vacuo. 
The crude product was further purified by radial chromatography on silica gel using mixture of 
DCM and MeOH (50/1 to 5/1) to get product 20 (6 mg, 0.025 mmol, 10%) as a pale yellow 
solid, 21 (8 mg, 0.025 mmol, 10%) as a pale yellow solid, 22 (8 mg, 0.02 mmol, 8%), as a pale 
yellow solid, 23 (30 mg, 0.065 mmol, 26%) as a pale orange solid, 23 (15 mg, 0.028 mmol, 
11%) as a pale yellow solid. 
 
Data for 20. 
Mp. 122–125 °C (lit.185 123–124 °C). 1H NMR (500 MHz, CDCl3): δ 8.59 (ddd, 
J = 4.9, 1.8, 0.9 Hz, 2H), 7.68 (dd, J = 5.7, 3.3 Hz, 2H), 7.52 (dd, J = 5.7, 3.3 Hz, 
2H), 7.45 (td, J = 7.7, 1.8 Hz, 2H), 7.12 (ddd, J = 7.5, 4.9, 1.2 Hz, 2H), 6.99 (dt, 
J = 7.9, 1.1 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ 159.3, 149.5, 139.8, 135.6, 
130.4, 128.7, 125.1, 121.6.  HRMS (ESI) calcd for C16H14N2 [M+2H]2+: 117.0573, found: 
117.0571. FT-IR (ATR); νmax/cm-1 3048, 3012, 1583, 1560, 1537, 1443, 1141, 988, 795, 747, 
620, 612. Analytical data are in agreement with the literature data.185 
 
Data for 21. 
Mp. 199–201 °C (lit.34197–198 °C). 1H NMR (500 MHz, CDCl3): δ 8.52 (ddd, 
J = 5.0, 1.9, 1.0 Hz, 2H), 8.30 (ddd, J = 4.9, 1.8, 1.0 Hz, 1H), 7.74 (d, J = 7.7 Hz, 
2H), 7.62 (dd, J = 8.2, 7.2 Hz, 1H), 7.39 (td, J = 7.7, 1.8 Hz, 2H), 7.35 (td, J = 
7.7, 1.8 Hz, 1H), 7.06 (ddd, J = 7.5, 4.9, 1.2 Hz, 2H), 7.02–6.94 (m, 2H), 6.92 (d, 
J = 7.9 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ 159.3, 158.9, 149.2, 148.7, 
140.9, 138.5, 135.4, 135.3, 130.5, 128.6, 127.0, 125.0, 121.3, 121.2. HRMS (ESI) calcd for 
C21H17N3 [M+2H]2+: 155.5706, found: 155.5708. FT-IR (ATR); νmax/cm-1 3048, 1580, 1564, 
1475, 1446, 1413, 990, 789, 778, 757, 626. Analytical data are in agreement with the literature 
data.34 
Data for 22. 
Mp. 210–213 °C. 1H NMR (500 MHz, CDCl3): δ 8.54 (ddd, J = 5.0, 1.8, 0.9 
Hz, 2H), 8.23 (ddd, J = 5.0, 1.8, 0.9 Hz, 2H), 7.88 (s, 2H), 7.37 (td, J = 7.7, 1.8 
Hz, 2H), 7.33–7.24 (m, 2H), 7.05 (ddd, J = 7.6, 4.9, 1.2 Hz, 2H), 7.01–6.93 (m, 
4H), 6.88 (ddd, J = 7.6, 4.9, 1.2 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ 158.9, 
158.7, 149.3, 148.3, 140.7, 139.6, 135.3, 134.9, 130.3, 127.0, 125.1, 121.4, 120.9. 




HRMS (ESI) calcd for C26H19N4 [M+H]+: 387.1604, found: 387.1598. FT-IR (ATR); νmax/cm-
1 3045, 1582, 1559, 1472, 1415, 992, 789, 779, 754, 636.  
 
Data for 23. 
Mp. 221–223 °C. 1H NMR (500 MHz, CDCl3): δ 8.54 (ddd, J = 4.9, 1.8, 
0.9 Hz, 2H), 8.24 (ddd, J = 5.0, 1.8, 0.9 Hz, 2H), 8.19 (s, 1H), 8.15 (ddd, J 
= 4.9, 1.8, 0.9 Hz, 1H), 7.36 (td, J = 7.7, 1.8 Hz, 2H), 7.29 (td, J = 7.7, 1.8 
Hz, 2H), 7.22 (td, J = 7.7, 1.9 Hz, 1H), 7.08–6.91 (m, 7H), 6.88 (ddd, J = 
7.6, 4.9, 1.2 Hz, 2H), 6.79 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H). 13C NMR (126 
MHz, CDCl3): δ 158.7, 158.6, 158.5, 149.3, 148.4, 148.0, 141.0, 140.7, 
139.3, 135.3, 135.0, 134.6, 132.2, 127.0, 126.9, 125.2, 121.4, 121.0, 120.5. HRMS (ESI) calcd 
for C31H23N5 [M+2H]2+: 232.5971, found: 232.5979. FT-IR (ATR); νmax/cm-1 3051, 3001, 
1583, 1561, 1461, 1418, 1183, 988, 785, 752, 745, 646.  
 
Synthesis of 1,2,3,4,5,6-Hexa(pyridin-2-yl)benzene (24) at 1 mmol scale 
A microwave vial was loaded with 2-phenylpyridine (19) (146 µL, 1 mmol) and 2-
bromopyridine (760 µL, 8 mmol), [RuCl2(p-cymene)]2 (60 mg,  0.1 mmol), PPh3 (52 mg, 0.2 
mmol), KOPiv (56 mg, 0,40 mmol), and Na2CO3 (1,040 mg, 10 mmol). The mixture was 
suspended in 2 mL of H2O, bubbled with Ar for 3 min and heated at 200 °C under the 
microwave irradiation (max 100 W) for the indicated time. The reaction mixture was then 
cooled to room temperature and diluted with 20 mL DCM and 20 mL H2O. The product was 
extracted with DCM (2 x 20 mL). The combined organic phases were dried over anh. Na2SO4, 
filtered and evaporated in vacuo. Crude product after extraction was triturated with EtOAc (20 
mL), to obtain pure compound 24 (519 mg, 0.97 mmol, 97%). 
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Crystal Structure Analysis: Crystal data were collected at room temperature (24) and at 150 
K (39, 44a–b) on an Agilent Technologies SuperNova Dual diffractometer using 
monochromated Mo-Kα radiation (λ = 0.71073 Å) or Cu-Kα radiation (λ = 1.54184 Å). The 
structures were solved by direct methods (SIR-97 and SHELX-2014) and refined by the full-
matrix least-squares procedure based on F2 with SHELX-2014. All non-hydrogen atoms were 
readily located and refined anisotropically. All hydrogen atoms were initially located in the 
difference Fourier maps and were subsequently included in the model at geometrically 
calculated positions and refined by using a riding model. Crystals of 39 were obtained by 
recrystallisation from the hexane/heptanes mixture, and the crystal structure contains electron 
density that belongs to disordered hexane and/or heptanes solvate molecules. The scattering 
contribution of the disordered solvate molecules was removed with solvent mask procedure 
implemented in Olex2. The algorithm located a void with a volume of 1539 Å and an electron 
count of 285 per unit cell. There are possibly 4–6 molecules of heptanes or hexane in the unit 
cell. The given chemical formula and other crystal data for 39 do not take into account the 
solvent molecules.  
Table 14: Selected crystallographic data. 
 24 39 44a 44b∙2C7H8 
Formula C36H24N6 C38H30N8 C39H30N6 C39H30N6∙2C7H8 
Mr 540.61 598.70 582.69 582.69 
T (K) 293(2) 150(2) 150(2) 150(2) 
Crystal system Trigonal Monoclinic Triclinic Monoclinic 
Space group R–3 C2/c P–1 P21/n 
a (Å) 12.3686(5) 10.270(5) 12.8122(6) 16.2024(9) 
b (Å) 12.3686(5) 21.283(5) 14.0194(8) 13.0851(5) 
c (Å) 16.4048(8) 19.608(5) 20.3404(9) 20.9256(10) 
α (°) 90 90 105.836(4) 90 
β (°) 90 94.280(5) 91.496(4) 109.596(6) 
γ (°) 120 90 115.442(5) 90 
Volume (Å3) 2173.4(2) 4274(3) 3130.5(3) 4179.5(4) 
Z 3 4 4 4 
Dc (g/cm3) 1.239 0.930 1.236 1.219 
 (mm–1) 0.075 0.057 0.075 0.072 
Reflections collected 13592 11894 33421 28866 
Reflections unique (Rint) 1110 (0.0377) 4905 (0.0280) 14364 (0.0486) 9543 (0.0505) 
Parameters 64 210 817 537 
R, wR2 [I>2σ(I)]a 0.0513, 0.1405 0.0543, 0.1767 0.0582, 0.1185 0.0645, 0.1537 
R, wR2 (all data)a 0.0737, 0.1533 0.0723, 0.1908 0.1202, 0.1465 0.1212, 0.1797 
GOF, Sb 1.109 1.064 1.007 1.036 
a R = ∑||Fo| – |Fc||/∑|Fo|, wR2 = {∑[w(Fo2 – Fc2)2]/∑[w(Fo2)2]}1/2. b S = {∑[(Fo2 – Fc2)2]/(n/p}1/2, where n is the 
number of reflections and p is the total number of parameters refined.     




5. Formation and Heteroarylation of N-Heteroarylpyridin-2-ones 
5.1 Introduction 
2-Pyridones represent an important class of nitrogen-containing heterocycles in biologically 
active compounds and a group of versatile synthetic intermediates in the field of organic 
synthesis.199–201 Therefore, the synthesis and functionalisation of the 2-pyridone structure motif 
is a continuing interest in organic chemistry.202–204 Consequently, the development of effective 
methods to directly introduce important functional groups in a regioselective fashion to the 
pyridone scaffold is a demand area of research. In this context, 2-pyridone moiety was also 
widely explored for selective C-3,205–207 C-4,208 and C-5209–211 direct functionalisation under 
transition metal catalysed conditions. On the other hand, selective functionalisation on the more 
electron-deficient C-6 position of N-(hetero)aryl pyridin-2-ones is less explored.212–214 Miura 
and co-workers reported a Cu-catalysed C–H bond heteroarylation at the C-6 position via a 
pyridine-based directing group strategy.215 Subsequently, several groups reported Rh-catalysed 
C-6 heteroarylation using pyridine as a directing group.216 However, direct catalytic C-6-
arylation of 2-pyridone remaineds less explored. Miaura and co-workers studied the                        
Rh(I)-catalysed C-6-borylation of 2-pyridones followed by Suzuki-Miyaura cross-coupling 
reaction.217 Recently, Liu’s research group reported rhodium-catalysed C-6-arylation method 
using trifluoroborate reagents at high temperature (Scheme 64).218  
      
Scheme 64: Example of Rh(I)-catalysed C-6-arylation of (pyridine-2-yl)pyridine-2-one with trifluoroborates. 
N-substituted pyridin-2-ones are also attractive due to their chemical reactivity, photochemical 
behaviour, as well as their biological activities.219–222 The most convenient synthetic approaches 
for N-alkylpyridones is direct C–N bond formation,223–226 while synthetic methodologies for   
N-arylpyridones are still rare.227–229 Traditional copper-catalysed Ullmann type C–N bond 
formation often requires high temperature and a stoichiometric amount of copper reagents.230 
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The use of an appropriate ligand has an important influence on the reactivity of the copper 
catalyst. N,N’-Dimethylethylendiamine and its derivatives are effective ligands promoting the 
C–N bond formation reaction.231,232  
Ukita and co-workers reported a copper-catalysed Ullmann N-arylation of 2-pyridone.231 They 
showed that copper halide, copper oxide or even copper powder facilitates the reaction. 
However, the addition of DMF and high temperature were usually required. Moreover, the 
reaction is sensitive to steric hindrance, so ortho-substituted aryl halides do not react in the 
coupling reaction.  
Li and co-workers developed an efficient copper-catalysed coupling reaction based on the 
Buchwald’s protocol for pyridin-2-ones with aryl iodides, aryl bromides, and heterocyclic 
bromides. This method is a modification of the Ukita conditions using CuI-
MeNHCH2CH2NHMe-K3PO4 in dioxane, which promoted the coupling reaction.227 
In 2005, Leung and co-workers reported the formation of N-pyridylpyridin-2-one from             
2-bromopyridine in the presence of CuI-trans-N,N’-dimethylcyclohexane-1,2-diamine-K2CO3 
catalytic system. They suspected that 2-bromopyridine hydrolysed under the reaction condition 
and underwent coupling reaction with unhydrolysed 2-bromopyridine but the reaction 
mechanism has not been examined (Scheme 65).231 
 
Scheme 65: The formation of N-pyridylpyridin-2-one from 2-bromopyridine. 
5.2   Research Aims and Objectives 
During our study in the field of C–H bond (hetero)arylation of 2-phenylpyridine with 2-bromo-
3-methylpyridine,233 we detected N-pyridylpyridine-2-one as a by-product. To our best 
knowledge, there are only two reports on the formation of N-pyridylpyridin-2-ones directly 
from 2-bromopyridine.227,231 Herein we report the optimisation process of pyridones formation 
from 2-bromo-3-methylpyridine, scope and limitation of this methodology. Based on our 
preliminary study, a plausible mechanistic pathway for 2-pyridone formation is suggested.  




5.3  Results and Discussion 
5.3.1 Optimisation and Scope 
  In the case of 2-phenylpyridine C–H bond (poly)heteroarylation with 2-bromo-3-
methylpyridine in 1,4-dioxane, we detected amounts of by-products 45a and 46a (Scheme 66), 
although we could not conclusively differentiate the N-arylated product from also possible            
O-arylated structure only on the basis of the NMR spectrum. Pleasingly, the X-ray analysis of 
the self-condensation product 46a unambiguously showed that one pyridyl group is attached to 
the nitrogen atom on the pyridin-2-one ring, while the second one is attached to the C-6 carbon 
atom (Figure 14). 
 
Scheme 66: The formation of pyridones 45a, 46a during 2-phenylpyridine (19) (hetero)arylation with 2-bromo-
3-methylpyridine. 
 
Figure 14: X-ray crystal structure of 46a. 
Further, we performed the reaction of 2-bromo-3-methylpyridine in the presence of                     
[RuCl2(p-cymene)]2 (1.25 mol%), KOPiv (5 mol%), PPh3 (2.5 mol%) and Na2CO3 (1.25 ekv) 
in 1,4-dioxane at 150 °C. After 3 days, the pyridones 45a (38%) and 46a (36%) were obtained 
together with 26% of the remaining bromopyridine 26 (Scheme 67).         
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Scheme 67: Initial experiment of pyridone formation from bromopyridine 26. 
Next, we investigated, which additive is crucial for pyridone 46a formation. Heating of 26 in 
1,4-dioxane at 150 °C for 72 h did not deliver any product even if 1 mol% of                              
[RuCl2(p-cymene)]2 was added (Table 15, Entries 1 and 2). Also, no conversion was observed 
when pyridine 26 was reacted with 1.25 equiv. of Na2CO3 or 1.25 equiv. of KOPiv (Table 15, 
Entries 3 and 4). The addition of PPh3 did not have any beneficial effects on the reaction 
conversion. When 4 mol% of KOPiv were added together with 1 mol% of Ru(II) dimer, only a 
small amount (5%) of pyridone 45a was formed (Table 15, Entry 5). Furthermore, significant 
influence on the transformation was observed with the addition of 1.25 equivalents of Na2CO3 
(Table 15, Entry 7). Moreover, the examination of the cooperation of Na2CO3 with PPh3 and 
KOPiv was performed. The addition of 2 mol% of PPh3 slightly improved the conversion, while 
4 mol% of KOPiv achieved quantitative conversion with 80/20 45a/46a ratio (Table 15, Entries 
8 and 9).  
Table 15: The effect of different additives on pyridone 46a formation.a 
 
aReagents and conditions: 2-bromo-3-methylpyridine (26) (1 mmol), [RuCl2(p-cymene)]2 (0.0125 mmol or 0.05 
mmol), solvent (1 mL), argon. bRatio determined by 1H NMR analysis. cIsolated yield.   
Entry Ru(II) catalyst (mol%) Additive (mol%) 26/45a/46ab 
1 ––––––– ––––––– 100/0/0 
2 [RuCl2(p-cymene)]2 (1) ––––––– 100/0/0 
3 ––––––– Na2CO3 (125) 100/0/0 
4 ––––––– KOPiv (125) 100/0/0 
5 [RuCl2(p-cymene)]2 (1) KOPiv (4) 95/5/0 
6 [RuCl2(p-cymene)]2 (1) PPh3 (2) 100/0/0 
7 [RuCl2(p-cymene)]2 (1) Na2CO3 (125) 85/7/8 
8 [RuCl2(p-cymene)]2 (1) PPh3 (2)/ Na2CO3 (125) 44/19/37 
9 [RuCl2(p-cymene)]2 (1) KOPiv (4)/ Na2CO3 (125) 0/80/20 
10 [RuCl2(p-cymene)]2 (5) KOPiv (20)/ Na2CO3 (125) 0/20/80  45a; (12%)c, 46a; (62%)c 
11 RuCl2(DMSO)4 (10) KOPiv (20)/ Na2CO3 (125) 0/35/65 




Pleasingly, increasing the amount of Ru(II) (5 mol%) and KOPiv (20 mol%) afforded full 
conversion with good 45a/46a (20/80) ratio (Table 15, Entry 10). The usage of RuCl2(DMSO)4 
catalyst did not improve the transformation ratio (Table 15, Entry 11). We concluded that for 
efficient N-pyridylpyridin-2-one formation, a cooperation of Ru(II)-Na2CO3-KOPiv was 
crucial.                     
With the optimal catalytic system in hand, we further focused on the evaluation of the solvent 
effect. A significant reduction of pyridone 46a formation was observed in NMP (Table 16, 
Entry 1), DEC (Table 16, Entry 5) and 2-MeTHF (Table 16, Entry 6).  








aReagents and conditions: 2-bromo-3-methylpyridine 26 (1 mmol), [RuCl2(p-cymene)]2 (0.05 mmol), solvent (1 
mL), argon. bRatio determined by 1H NMR analysis.cIsolated yield.  
Reactions in other solvents (α,α,α-trifluorotoluene and p-xylene) exhibited slightly 
improvement in pyridone 45a/46a ratio (∼10:90) (Table 16, Entries 3 and 4). A quantitative 
conversion with 45a/46a ratio (5/95) was achieved when the reaction was performed in toluene. 
The scope and generality of the reaction were evaluated with different 2-bromopyridines 26. 
Pyridine with a methyl group next to the nitrogen atom did not react under the given reaction 
conditions, probably due to the steric effect of the methyl group which prevents stable 
coordination of ruthenium(II) on the pyridine nitrogen atom (Table 18, Entry 1). There was also 
no formation of desired pyridones when bromopyridine with an electron-donating group on C-
3 (Table 18, Entry 8) and C-5 positions (Table 18, Entries 2 and 4) were used. On the other 
hand, the reaction of bromopyridine with an electron-withdrawing group on position C-5 
obtained pyridone 45d (57% isolated yield) with quantitative conversion (Table 18, Entry 3). 
Bromopyridine with a methyl group on the position C-4 resulted in the formation of pyridones 
Entry Solvent  26/45a/46ab 
1 NMP 15/20/65 
2 toluene 0/5/95, 46a; (83%)c 
3 α,α,α-trifluorotoluene 0/10/90 
4 p-xylene 0/12/88 
5 DEC 0/25/75 
6 2-MeTHF 0/50/50 
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46f and 47f with 15% and 32% isolated yields, respectively. Moreover, the CF3 functional 
group on the position C-4 quantitatively achieved only pyridone 46g with a 38% isolated yield, 
while the CN functional group on the position C-3 formed exclusively pyridone 45h (42%).    
Table 17: The scope of the pyridone formation.a 
aReagents and conditions: 2-bromopyridine 26 (1 mmol), [RuCl2(p-cymene)]2 (0.05 mmol), Na2CO3 (1.25 mmol), 
toluene (1 mL), argon. bConversion and ratio determined by 1H NMR analysis of the crude reaction mixture. 
cIsolated yield. 
Finally, we were pleased to obtain fully (hetero)arylated pyridin-2-one 48 (64% isolated yield) 
directly from 2-bromopyridine after 72 h of heating at 150 °C  (Scheme 68).  
Entry 26 Conv.b (%) 26/45/46/47 b Yield 45 (%)c Yield 46 (%)c Yield 47 (%) c 
1 
 
0 100/0/0/0 / / / 
2 
 
0 100/0/0/0 / / / 
3 
 
100 0/100/0/0 45d; (57%) / / 
4 
 
0 100/0/0/0 / / / 
5 
 
96 14/0/39/57 / 46f; (15%) 47f; (32%) 
6 
 
100 0/0/100/0 / 46g; (38%) / 
7 
 
100 0/100/0/0 45h; (42%) / / 
8 
 
0 100/0/0/0 / / / 





Scheme 68: The synthesis of polypyridyl pyridone 48 from 2-bromopyridine. 
5.3.2 Mechanistic Study 
Several control experiments were performed to gain an insight into the pyridone formation. 
First, we carried out the reaction of 3-bromo-2-methylpyridine (26) with 10 mol% of 
Ru(OPiv)2(p-cymene)40 instead of [RuCl2(p-cymene)]2/KOPiv system and found out that the 
reaction proceeded with the same conversion and 45a/46a (23/77) ratio (Scheme 69). In the 
crude reaction mixture, free p-cymene was also detected. These results indicated that                 
[RuCl2(p-cymene)]2 probably form the Ru(OPiv)2L3 (L = solvent, 26 or mixed) active catalytic 
species in situ.       
 
Scheme 69: The use of Ru(OPiv)2(p-cymene) as a catalyst. 
Next, the reaction with 3-methylpyridin-2-yl pivalate (49) in the presence of                            
[RuCl2(p-cymene)]2 (5 mol%) and Na2CO3 was carried out in 1,4-dioxane. After 12 h, the 
analysis of the crude reaction mixture revealed full conversion to the corresponding pyridin-
2(1H)-one 50, while the reaction without Na2CO3 did not lead to pyridone 50, suggesting that 
the reaction proceeds through pivalate-Na2CO3 cooperation mechanism (Scheme 70).      
 
Scheme 70: The formation of pyridone 50 from pyridyl pivalate 49. 
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As observed during conditions optimisation, reaction of 2-bromo-3-methylpyridine 26 with            
5 mol% of [RuCl2(p-cymene)]2 in the presence of 1.25 equivalent of Na2CO3 obtained only 
52% conversion with (45a/46a = 2/7) ratio. Furthermore, when a 20 mol% of pyridyl pivalate 
49 was added, the reaction proceeded quantitatively towards the formation of pyridone 46a 
(Scheme 71). 
 
Scheme 71: The influence of pyridyl pivalate 49. 
These experiments suggest that pivalate is crucial for a successful transformation because it 
regenerateds with Na2CO3 during the catalytic cycle. To prove this hypothesis, the reaction with 
18O labelled Na2C18O3 was studied. The reaction was performed in 1,4-dioxane at 150 °C for 
72 h. The reaction was done with 0.176 mmol of 2-bromopyridine 26. This is probably the main 
reason for the lower conversion of bromopyridine 26. Products 45a’ and 46a’ with ~23% 18O 
incorporation were detected by HRMS analysis of the crude reaction mixture as well as in pure 
products 45a’ and 46a’ (Scheme 72).  
 
Scheme 72: The pyridone formation reaction with 18O labelled Na2C18O3. 
We did not detect the 1H-pyridone 50 in the crude reaction mixture, which indicated that, 
formed 1H-pyridone 50 immediately reacted further to form N-pyridylpyridine 45. To prove 
that 1H-pyridone 50 formed pyridones 45a and 46a. The reaction with 2-bromo-3-
methylpyridine (26) was performed under the optimised reaction conditions in 1,4-dioxane. 




Pleasingly, pyridone 46a was quantitatively formed (Scheme 73), which indicated that pyridone 
50 could be N-arylated with 26 under the given reaction conditions. On the other hand, when 
the reaction between pyridone 50 and bromopyridine 26 was performed without                          
[RuCl2(p-cymene)]2, only the starting material was detected with 1H NMR analysis of the crude 
reaction mixture.     
 
Scheme 73: Reaction between pyridone 50 and 2-bromopyridine 26. 
Furthermore, we investigated the possibility of the formation of a ruthenacycle as an 
intermediate in the plausible (hetero)arylation of 2-pyridylpyridine 51. A stable cyclometalated 
Ru(II) complex 52 was prepared with the Dixneuf protocol (Scheme 74).116 
 
Scheme 74: Synthesis of a stable ruthenacycle 52. 
Thus, the catalytic activity of complex 52 was examined under the previously established 
conditions. Additionally, pyridone 51 underwent C–H bond (hetero)arylation under the same 
reaction conditions. In both cases, the desired product 48 was formed with complete conversion 
from 51 and 2-bromopyridine (Scheme 75).   
 
Scheme 75: The C–H bond (hetero)arylation of pyridone 51with ruthenacycle 52 under optimised reaction 
conditions. 
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5.3.3 A Proposed Pathway 
Based on the experiments mentioned above, a plausible pathway for the formation of 
pyridones is proposed (Scheme 76). First, [RuCl2(p-cymene)]2 together with the solvent, 
bromopyridine and KOPiv most probably form a p-cymene-free catalytic species A. Ru(II) 
species A coordinates to 2-bromopyridine, which is followed by a nucleophilic aromatic 
substitution of bromine with pivalate to form pivalate C. Then, the free carbonate attacks the 
pivalate carbonyl group that leads to pyridone D with the elimination of the intermediate F. The 
intermediate F spontaneously decarboxylates to regenerate pivalate for the next catalytic cycle. 
When C18O32- is used the intermediate F includes 3 18O atoms thus provides a pivalate 
containing one 18O which will be incorporated in C linked to the carbon bearing Br. Complex 
D undergoes oxidative addition with 2-bromopyridine followed by reductive elimination of N-
pyridylpyridone 50 and regeneration of ruthenium catalyst. In the next step C–H bond 
functionalisation of pyridone 50 delivers the C-6 (hetero)arylated product 46a. 
 
Scheme 76: A simplified pathway for N-pyridylpyridin-2-one formation. 
 





In summary, this chapter presents a novel synthetic path toward poly(hetero)arylated 
pyridones from different substituted 2-bromopyridines thus pyridones 45a and 46a, and 
especially the penta pyridyl pyridone 48 can now be readily prepared. The small representative 
scope of different 2-bromopyridines suggested that electron-withdrawing group have benefits 
on pyridone formation over the electron-donating group.     
The preliminary mechanistic study suggested that oxygen needed for pyridone formation 
arises from pivalate which is regenerated with free carbonate during the catalytic cycle.   
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5.5 Experimental Section 
General Information 
All reagents were commercial-grade used without further purification. Reactions were 
monitored by analytical thin-layer chromatography (TLC) on Fluka silica gel TLC. Column 
chromatography was performed on 230–400 mesh silica gel. Merck silica gel 60 PF254 
containing gypsum was used to prepare chromatotron plates. Radial chromatography was 
performed with a Harrison Research chromatotron, model 7924 T. Melting points were 
determined on a Kofler micro hot stage instrument and with SRS OptiMelt MPA100-
Automated Melting Point System and are uncorrected. The NMR spectroscopy data were 
recorded at 296 K with Bruker Advance III 500 MHz for 1H NMR and 126 MHz for 13C NMR. 
All NMR data were recorded in a CDCl3 and are given in ppm (δ). Chemical shifts for 1H NMR 
were referenced to TMS as an internal standard. The 13C NMR data are referenced against the 
central line of the CHCl3 triplet at δ 77.16 ppm. The coupling constants are given in Hertz (Hz). 
For the multiplicity signification, the standard abbreviation was used: s (singlet), d (doublet), t 
(triplet), q (quartet), sept (septet), m (multiplet), and br (broad). IR spectra were obtained with 
a Bruker ALPHA FT-IR spectrophotometer and reported in reciprocal centimetres (cm-1). High-
resolution mass spectra were recorded with an Agilent 6224 Accurate Mass TOF LC/MS 
instrument. Elemental analysis (C, H, N) were performed with a Perkin-Elmer 2400 Series II 
CHNS/O Analyzer.  
General Procedure for Pyridone 45–48 
A high pressure tube was loaded with substituted 2-bromopyridine (1 mmol), [RuCl2(p-
cymene)]2 (30 mg,  0.05 mmol), potassium pivalate (KOPiv) (28 mg, 0.20 mmol), and Na2CO3 
(123 mg, 1.25 mmol). The mixture was suspended in 1 mL of toluene, bubbled with argon for 
3 min and heated at 150 °C for 72 h. The reaction mixture was then cooled to room temperature 
and diluted with 10 mL DCM and 10 mL H2O. The product was extracted with DCM (2 x 10 
mL). The combined organic phases were dried over anh. Na2SO4, filtered and evaporated in 
vacuo. The crude product was further purified by radial chromatography on silica gel using a 
mixture of DCM and MeOH. 
The following compounds were prepared in this manner: 





Prepared from 2-bromo-3-methylpyridine (123 µL, 1 mmol). Radial 
chromatography (DCM/MeOH: 100/1 to 50/1) yielded 46a (80 mg, 0.277 
mmol, 83%) as a pale brown solid. Mp. 145–150 °C. 1H NMR (500 MHz, 
CDCl3): δ 8.08 (dd, J = 4.7, 1.6 Hz, 1H), 8.03 (dd, J = 4.8, 1.7 Hz, 1H), 7.42 
(dd, J = 7.6, 1.7 Hz, 1H), 7.40–7.30 (m, 2H), 6.97 (dd, J = 7.6, 4.8 Hz, 1H), 6.93 (dd, J = 7.7, 
4.7 Hz, 1H), 6.14 (d, J = 6.8 Hz, 1H), 2.37 (s, 3H), 2.31 (s, 3H), 2.22 (s, 3H). 13C NMR (126 
MHz, CDCl3): δ 162.8, 152.8, 151.6, 146.0, 145.9, 144.1, 138.8, 137.8, 136.8, 133.3, 133.1, 
129.9, 123.7, 123.2, 106.6, 19.4, 17.6, 17.2. HRMS (ESI) calcd for C18H18N3O [M+H]+: 
292.1444, found: 292.1446. FT-IR (ATR); νmax/cm-1 3051, 2974, 2922, 1651, 1601, 1574, 
1418, 1267, 1116, 807, 791, 796.  
 
5,5'-Bis(trifluoromethyl)-2H-[1,2'-bipyridin]-2-one (45d)  
Prepared from 2-bromo-5-(trifluoromethyl)pyridine (226 mg, 1 mmol). Radial 
chromatography (DCM/MeOH: 100/1) yielded 45d (90 mg, 0.285 mmol 57%) as 
a white solid. Mp. 145–147 °C.1H NMR (500 MHz, CDCl3): δ 8.90–8.82 (m, 1H), 
8.47–8.46 (m, 1H), 8.23 (d, J = 8.6 Hz, 1H), 8.12 (dd, J = 8.6, 2.4 Hz, 1H), 7.54 
(dd, J = 9.7, 2.7 Hz, 1H), 6.75 (d, J = 9.6 Hz, 1H). 13C NMR (126 MHz, CDCl3): 
δ 161.3, 153.2, 146.3 (q, J = 4.1 Hz), 136.0 (q, J = 2.3 Hz), 135.7 (q, J = 3.4 Hz), 135.4 (q, J = 
5.6 Hz), 126.8 (q, J = 79.5 Hz), 123.3 (q, J = 270.2 Hz), 123.2, 123.1 (q, J = 272.5 Hz), 121.0, 
111.1 (q, J = 35.2 Hz). HRMS (ESI) calcd for C21H7F6N2O [M+H]+: 309.0457, found: 
309.0461. FT-IR (ATR); νmax/cm-1 3068, 1686, 1637, 1600, 1550, 1323, 1276, 1231, 1116, 
1081, 1061, 845, 721, 642, 626.  
 
4,4',4''-Trimethyl-6'H-[2,1':2',2''-terpyridin]-6'-one (46f) and 4,4',4''-trimethyl-3'-(4-
methylpyridin-2-yl)-6'H-[2,1':2',2''-terpyridin]-6'-one (47f) 
Prepared from 2-bromo-4-methylpyridine (111 µL, 1 mmol). Radial chromatography 
(DCM/MeOH: 100/1 to 25/1) yielded 46f (15 mg, 0.075 mmol, 15%) as a pale brown oil and 




130                          Formation and Heteroarylation of N-Heteroarylpyridin-2-ones 
    
Data for 46f: 
1H NMR (500 MHz, CDCl3): δ 8.12 (d, J = 5.0 Hz, 1H), 8.06 (d, J = 5.1 Hz, 
1H), 7.38 (s, 1H), 7.22 (s, 1H), 6.93 (d, J = 5.1 Hz, 1H), 6.89 (d, J = 5.0 Hz, 
1H), 6.53 (s, 1H), 6.29 (s, 1H), 2.36 (s, 3H), 2.28 (s, 3H), 2.27 (s, 3H). 13C 
NMR (126 MHz, CDCl3): δ 163.2, 153.7, 152.0, 151.3, 148.8, 148.4, 147.9, 
147.8, 146.4, 125.9, 125.1, 124.1, 123.7, 119.8, 111.4, 27.3, 21.6, 21.1. HRMS 
(ESI) calcd for C18H18N3O [M+H]+: 292.1444, found: 292.1442. FT-IR (ATR); νmax/cm-1 3049, 
2921, 1659, 1611, 1597, 1544, 1429, 1276, 994, 822, 729.  
Data for 47f: 
1H NMR (500 MHz, CDCl3): δ 8.40 (d, J = 5.0 Hz, 1H), 8.07 (d, J = 5.1 
Hz, 1H), 7.99 (d, J = 5.0 Hz, 1H), 7.28–7.22 (m, 1H), 6.92–6.84 (m, 3H), 
6.77 (s, 1H), 6.67 (d, J = 1.2 Hz, 1H), 6.64 (dd, J = 5.1, 1.2 Hz, 1H), 2.30 (s, 
3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.02 (s, 3H).13C NMR (126 MHz, CDCl3): δ 
162.3, 155.3, 152.4, 151.7, 151.4, 148.8, 148.6, 148.2, 147.7, 147.1, 146.5, 
144.5, 127.8, 127.4, 125.7, 124.0, 123.1, 122.7, 121.6, 120.4, 20.9, 20.8, 20.7, 20.6. HRMS 
(ESI) calcd for C22H21N4O [M+H]+: 383.1866, found: 383.1859. FT-IR (ATR); νmax/cm-1 3049, 
2921, 1657, 1599, 1556, 1527, 1404, 994, 828, 730.  
 
4,4',4''-Tris(trifluoromethyl)-6'H-[2,1':2',2''-terpyridin]-6'-one (46g)  
Prepared from 2-bromo-4-(trifluoromethyl)pyridine (123 µL, 1 mmol). 
Radial chromatography (DCM/MeOH: 100/1) yielded 46g (57 mg, 0.127 
mmol, 38%) as a red brown oil. 1H NMR (500 MHz, CDCl3): δ 8.38 (d, J = 
5.0 Hz, 1H), 8.32 (d, J = 5.1 Hz, 1H), 7.93 (s, 1H), 7.40 (d, J = 4.9 Hz, 1H), 
7.37 (d, J = 4.7 Hz, 2H), 7.06 (s, 1H), 6.64 (s, 1H). 13C NMR (126 MHz, 
CDCl3): δ 161.6, 153.9, 152.0, 149.9, 149.4, 147.5, 141.5 (q, J = 34.3 Hz), 139.9 (q, J = 34.8 
Hz), 139.6 (q, J = 34.7 Hz), 122.3 (q, J = 273.4 Hz), 122.2 (q, J = 273.6 Hz), 121.9 (q, J = 274.4 
Hz), 121.8 (q, J = 3.7 Hz), 120.2 (q, J = 4.3 Hz), 119.6 (q, J = 3.6 Hz), 119.2 (q, J = 3.3 Hz), 
119.0 (q, J = 3.4 Hz), 104.4 (q, J = 2.7 Hz). HRMS (ESI) calcd for C9H9F9N3O [M+H]+: 
454.0596, found: 454.0591. FT-IR (ATR); νmax/cm-1 3079, 2017, 1685, 1405, 1327, 1135, 902, 
838, 666.  
 
 





Prepared from 2-bromonicotinonitrile (183 mg, 1 mmol). Radial chromatography 
(DCM/MeOH: 100/1 to 25/1) yielded 45h (50 mg, 0.21 mmol, 42%) as a white 
solid. Mp. 200–202 °C (dec.). 1H NMR (500 MHz, CDCl3): δ 8.83 (dd, J = 4.9, 1.8 
Hz, 1H), 8.22 (dd, J = 7.8, 1.8 Hz, 1H), 7.98 (dd, J = 7.0, 2.1 Hz, 1H), 7.77 (dd, J 
= 7.0, 2.1 Hz, 1H), 7.62 (dd, J = 7.8, 4.9 Hz, 1H), 6.48 (t, J = 7.0 Hz, 1H). 13C NMR (126 MHz, 
CDCl3): δ 158.2, 153.0, 152.1, 149.0, 142.5, 141.0, 124.7, 114.7, 113.9, 109.3, 107.6, 106.3. 
HRMS (ESI) calcd for C12H7N4O [M+H]+: 223.0614, found: 223.0613. FT-IR (ATR); 
νmax/cm-1 3123, 3061, 2239, 226, 1656, 1600, 1586, 1540, 0430, 1360, 1276, 1076, 759.  
 
3',4',5'-Tri(pyridin-2-yl)-6'H-[2,1':2',2''-terpyridin]-6'-one (48) 
Prepared from 2-bromopyridine (90 µL, 1 mmol). Radial chromatography 
(DCM/MeOH: 50/1 to 10/1) yielded 48 (51 mg, 0.107 mmol, 64%) as a 
brown solid. Mp. >300 °C (dec.). 1H NMR (500 MHz, CDCl3): δ  8.33 (dt, 
J = 4.9, 1.4 Hz, 1H), 8.22 (dd, J = 5.0, 1.8 Hz, 1H), 8.20–8.14 (m, 2H), 8.16–
8.09 (m, 1H), 7.67 (td, J = 7.7, 1.9 Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.54–
7.52 (m, 2H), 7.30–7.26 (m, 1H), 7.26–7.22 (m, 1H), 7.19 (td, J = 7.7, 1.8 
Hz, 1H), 7.07 (d, J = 7.6 Hz, 2H), 7.03–6.97 (m, 2H), 6.92 (d, J = 7.9 Hz, 1H), 6.84 (dd, J = 
7.5, 4.9 Hz, 2H), 6.78 (ddd, J = 7.6, 5.0, 1.2 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 161.9, 
156.4, 155.5, 154.4, 152.8, 152.0, 151.0, 148.8, 148.7, 148.5, 148.4, 148.3, 145.5, 137.2, 135.3, 
135.2, 135.0, 134.9, 131.1, 127.3, 127.1, 126.7, 125.7, 125.6, 123.0, 122.2, 121.8, 121.4, 121.1, 
121.0. HRMS (ESI) calcd for C30H22N6O [M+2H]2+: 241.0922, found: 241.0919. FT-IR 
(ATR); νmax/cm-1 3050, 1650, 1582, 1564, 1527, 1463, 1430, 992, 762, 745. Elemental analysis 
calcd (%) for C30H20N6O x H2O: C 72.28, H 4.45, N 16.86; found: C 72.56, H 4.05, N 16.84. 
 
Synthesis of 3,3'-Dimethyl-2H-[1,2'-bipyridin]-2-one (45a) and 3,3'',5'-Trimethyl-6'H-
[2,1':2',2''-terpyridin]-6'-one (46a) 
A high pressure tube was loaded with 2-bromo-3-methylpyridine (123 µL, 1 mmol), [RuCl2(p-
cymene)]2 (30 mg,  0.05 mmol), potassium pivalate (KOPiv) (28 mg, 0.20 mmol), and Na2CO3 
(123 mg, 1.25 mmol). The mixture was suspended in 1 mL of 1,4-dioxane, bubbled with Ar for 
3 min and heated at 150 °C for 72 h. The reaction mixture was then cooled to room temperature 
and diluted with 10 mL DCM and 10 mL H2O. The product was extracted with DCM (2 x 10 
mL). The combined organic phases were dried over anh. Na2SO4, filtered and evaporated in 
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vacuo. The crude product was further purified by radial chromatography on silica gel using a 
mixture of DCM and MeOH (100/1 to 25/1) to obtain pyridone 45a (12 mg, 0.06 mmol, 12%) 
as pale yellow oil and pyridone 46a (59 mg, 0.207 mmol, 62%) as pale brown solid. 
 
Data for 45a: 
1H NMR (500 MHz, CDCl3): δ 8.42 (dd, J = 4.8, 1.7 Hz, 1H), 7.68 (dd, J = 7.6, 1.8 
Hz, 1H), 7.33 – 7.27 (m, 2H), 7.22 (dd, J = 6.9, 2.0 Hz, 1H), 6.20 (t, J = 6.8 Hz, 1H), 
2.21 (s, 3H), 2.19 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 162.0, 152.6, 147.0, 139.8, 
137.4, 134.1, 131.0, 130.6, 124.3, 105.8, 17.4, 17.1. HRMS (ESI) calcd for 
C12H13N2O [M+H]+: 201.1022, found: 201.1023. FT-IR (ATR); νmax/cm-1 2923, 1652, 1603, 
1553, 1451, 1419, 1274, 759. 
 
Synthesis of 3-Methylpyridin-2-yl pivalate (49) 
 
Compound 49 was prepared by following literature procedure.234 In high pressure tube, 
pyridone 50 (109 mg, 1 mmol) and pivaloyl chloride (134 µL, 1.1 mmol) were mixed in dry 
toluene (1 mL). After DMAP×HCl (7.9 mg, 0.05 mmol, 5 mol%) was added the reaction 
mixture was stired at 110 °C for 30 min under Ar atmosphere. After that the mixture was 
allowed to cool to room temperature, and then hexane (5 mL) was added. DMAP·HCl was 
precipitated and then removed by filtration. The filtrate was extracted with saturated Na2HCO3 
solution (2 x 5 mL). The organic phase was dried over anh. Na2SO2, filtrated and evaporated in 
vacuo to obtain the pure product 49 (144 mg, 0.75 mmol, 75%) as a colourless oil. 1H NMR 
(500 MHz, CDCl3): δ 8.24 (dd, J = 5.0, 1.9 Hz, 1H), 7.59 (dd, J = 7.4, 1.7 Hz, 1H), 7.14 (dd, J 
= 7.4, 4.8 Hz, 1H), 2.19 (s, 3H), 1.41 (s, 9H). 3C NMR (126 MHz, CDCl3): δ 176.4, 157.2, 
146.1, 140.6, 125.6, 122.4, 27.2, 26.6, 16.0. HRMS (ESI) calcd for C11H16NO2 [M+H]+: 
194.1181, found: 194.1177. FT-IR (ATR); νmax/cm-1 2908, 1666, 1635, 1605, 1475, 126, 971, 








Synthesis of 2H-[1,2'-bipyridin]-2-one (51) 
 
Compound 51 was prepared by the following literature procedure.231 An oven-dried high-
pressure tube was charged with 2-hydroxypyridine (95 mg, 1 mmol), CuI (38 mg, 0.2 mmol, 
20 mol%), and K2CO3 (2 mmol, 2 equiv.). The flask was purged with nitrogen. A solution of 2-
bromopyridine (90 µL, 1 mmol) in toluene (1 mL) and TMEDA (42 µL, 0.2 mmol, 20 mol%) 
were added to the reaction mixture, which was stirred and heated 110 °C for 16 h. The resulting 
mixture was cooled to room temperature, diluted with dichloromethane, and filtered. The 
filtrate was washed with water. The organic phase was collected, dried over anhydrous Na2SO4, 
filtered and concentrated in vacuo. The crude product was purified by column chromatography 
to obtain product 51 (86 mg, 0.50 mmol, 50%) as a white solid. Mp. 50–54 °C. 1H NMR (500 
MHz, CDCl3): δ 8.52 (d, J = 5.2 Hz, 1H), 7.93 (d, J = 6.8 Hz, 1H), 7.76–7.83 (m, 2H), 7.34 
(ddd, J = 9.2, 6.8, 2.4 Hz, 1H), 7.30 (ddd, J = 6.8, 5.2, 1.2 Hz, 1H), 6.60 (d, J = 9.2 Hz, 1H), 
6.25 (td, J = 6.8, 1.2 Hz, 1H) HRMS (ESI) calcd for C10H9N2O [M+H]+: 173.0715, found: 
173.0711. FT-IR (ATR); νmax/cm-1 3058, 2991, 1673, 1612, 1540, 1175, 1130, 999, 785. 
Analytical data are in agreement with the literature data.231  
 
Synthesis of Ruthenacycle 52 
 
Ruthenacycle was prepared by following slightly modified literature procedure.116 A mixture 
of pyridone 51 (8.6 mg, 0.05 mmol), [RuCl2(p-cymene)]2 (61.4 mg, 0.1 mmol), and KOPiv (28 
mg, 0.2 mmol) was dissolved in MeOH (1 mL) and then mixed at room temperature for 24 h. 
A solvent was then evaporated in vacuo and the crude product was further purified by radial 
chromatography on silica gel using ethyl acetate to give ruthenacycle 52 (32 mg, 0.037 mmol, 
73%) as an orange semisolid. 1H NMR (500 MHz, CDCl3): δ 9.38 (dd, J = 8.6, 1.5 Hz, 1H), 
9.10 (dd, J = 5.7, 1.8 Hz, 1H), 7.81 (ddd, J = 9.0, 7.3, 1.8 Hz, 1H), 7.16 (ddd, J = 7.2, 5.8, 1.3 
Hz, 1H), 7.09 (dd, J = 9.0, 6.8 Hz, 1H), 6.94 (dd, J = 6.9, 1.4 Hz, 1H), 6.14 (dd, J = 8.9, 1.3 Hz, 
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1H), 5.68 – 5.55 (m, 2H), 5.28 (dd, J = 6.1, 1.3 Hz, 1H), 5.08 (dd, J = 6.1, 1.3 Hz, 1H), 2.52 
(sept, J = 6.9 Hz, 1H), 2.12 (s, 3H), 1.05 (d, J = 6.9 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H). 13C NMR 
(126 MHz, CDCl3): δ 186.8, 166.6, 158.8, 153.9, 139.2, 138.5, 121.7, 119.0, 118.0, 113.7, 
103.8, 103.2, 92.0, 91.3, 86.0, 84.4, 30.8, 22.6, 22.0, 18.8. HRMS (ESI) calcd for 
C20H22ClN2ORu [M+H]+: 437.0491, found: 437.0495. FT-IR (ATR); νmax/cm-1 2958, 1634, 
1498, 1464, 1434, 1277, 1186, 1135, 1000, 785. 
 
Reaction with 18O Labelled Na2CO3 
 
A high pressure tube was loaded with substituted 2-bromopyridine 26 (20 µL, 0.176 mmol), 
[RuCl2(p-cymene)]2 (5 mg, 0.0088 mmol), KOPiv (5 mg, 0.035 mmol), and Na2CO3 (25 mg, 
0.22 mmol). The mixture was suspended in 200 µL of 1,4-dioxane, bubbled with Ar for 3 min 
and heated at 150 °C for 72 h. The reaction mixture was then cooled to room temperature and 
diluted with 3 mL DCM and 3 mL H2O. The product was extracted with DCM (2 x 3 mL). The 
combined organic phases were dried over anh. Na2SO4, filtered and evaporated in vacuo. The 
crude product was further purified by radial chromatography on silica gel using a mixture of 
DCM and MeOH (100/1 to 25/1) to obtain pyridone 45a’ (3 mg, 0.015 mmol, 17%) and 46a’ 
(4 mg, 0.013 mmol, 23%). 
Data for 45a’: HRMS (ESI) calcd for C12H13N218O [M+H]+: 203.1065, found: 203.1107. 
Data for 46a’: HRMS (ESI) calcd for C18H18N318O [M+H]+: 294.1487, found: 294.1534. 










6. Complexation of Hexa(heteroaryl)benzenes with Transition 
Metals 
6.1 Introduction 
Pyridine is one of the simplest heterocyclic compounds, which was discovered in 1849 by the 
Scottish chemist Thomas Anderson. It is a close analogue of benzene, where a benzene methine 
group is replaced with a nitrogen atom (N). In this way, it forms a six-membered aromatic 
heterocycle. The presence of more electronegative nitrogen atom prevents an even distribution 
of electrons over the ring. The negative inductive effect of N atom causes a weaker resonance 
stabilisation (117 kJ/mol) than benzene (150 kJ/mol). This is also evidenced by the shorter              
C–N bond distance (137 pm), compared to the C–C bond (139 pm). The same as in benzene, 
all pyridine ring atoms are sp2 hybridised and are involved in the π-electrons resonance. The 
lone pair of the nitrogen atom in the unhybridized p orbital is in the plane of the ring, so these 
electrons do not contribute to aromaticity. On the other hand, a nitrogen lone pair can be 
involved in chemical reactions either on a pyridine ring or as a Lewis base to form a coordinate 
bond with Lewis acid.235 
The Lewis base character of the nitrogen lone pair makes pyridine a good ligand for the 
coordination to transition metals. It is usually a weak monodentate ligand, which is capable of 
coordinating to metals in different proportions. A rich literature of complexes of pyridine 
coordinated to transition metals has grown over the years. Pyridine and its numerous derivatives 
have been under investigation of inorganic chemists in design and preparation of numerous 
metal complexes of their interest. The polypyridine ligands with two or more pyridine moieties 
have become an important research field, due to their unique photochemical and luminescence 
properties.235 
Self-assembling properties are nowadays a very interesting field of scientific research. Most 
of them lead to new architectural motifs in the coordination chemistry. Multimetallic systems 
have the application potential in the supramolecular engineering.236–239 In this way, new 
polydentate ligands, with more than 4-coordinating sites, open a synthesis option for novel 
metal-organic architectures.240,241 The hexaheteroarylbenzene (HHAB) systems are important 
types of multidentate ligands because of their unique propeller-liked shape with six or more 
binding sites. They can serve as programmed building blocks150,242 in the synthesis of 
multimetallic complexes,243–252 and metal-organic frameworks (MOFs).253–255 
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6.1.1 Ruthenium Pyridine Complexes 
Ruthenium polypyridine complexes have received great interest from material and 
coordination chemists over the last few decades, due to their versatile applicability. Such types 
of complexes have been used in organic light-emitting diodes256 and have been successfully 
applied as sensitizers in low-cost solar cells; so-called dye-sensitized solar cells (DSSC), where 
ruthenium polypyridine complexes are used as dyes responsible for the sunlight 
absorption.257,258 Tris(2,2’-bipyridine)ruthenium(II) or Ru(byp)32+ and its analogues have also 
shown potential in the photodynamic therapy.259 
Moreover, a wide range of different metal polypyridine complexes have also been used as 
sensitizers in photoredox catalytic systems. In general, metal complexes are engaged in the SET 
processes with an organic substrate upon the photoexcitation with visible light. Among them, 
polypyridine ruthenium complexes are the most commonly used photocatalysts. Most of them 
are analogues of the complex Ru(byp)32+. Such types of complexes absorb visible light of the 
electromagnetic spectrum. This causes the excitation of the Ru(II) centre to a long-lived 
photoexcited state.260,261 The lifetime of the excited species is sufficiently long (∼1100 ns), thus 
it may participate in bimolecular electron-transfer reactions in the competition with a 
deactivation path.262 Interestingly, this type of complexes are poor single-electron oxidants and 
reductants in the ground state. After they occupy an excited state, they become very potent SET 
reagents. Even simple household light bulbs can trigger the induction of unique and valuable 
catalytic processes.263 These catalysts have been employed to achieve a wide range of the bond 
formation reaction in a broad scope of the organic transformation.264–266 Photocatalytic systems 
have shown many transformational potentials; for example the splitting of water into hydrogen 
and oxygen,267–268 and the reduction of carbon dioxide to methanol.269 
A key feature of Ru(byp)32+ is an electron-rich low-spin d6 metal centre with the (t2g)6 electron 
configuration in the ideal Oh symmetry with strongly π-accepting chelate ligands. After the 
complex has been irradiated with the visible light (λmax = 452 nm), it occupies the lowest excited 
singlet state with a metal-to-ligand charge transfer (MLCT) character. In resulted species, the 
metal has been oxidised to Ru(III) and the ligand has undergone a single-electron reduction. 
The occupied 1MLCT state undergoes a rapid intersystem crossing (ISC) towards the 3MLCT 
lowest-energy state, which is long-lived photoexcited species and can undergo SET (Scheme 
77). With the proper introduction of different functional groups or the extension of the aromatic 
backbone on pyridine ligands, the 3MLCT energy can be fine-tuned. 





Scheme 77: State diagram for Ru(byp)32+. 
6.1.2 Palladium Pyridine Complexes 
Palladium is a versatile metal for homogeneous and heterogeneous catalysis.270–273 The 
homogeneous palladium catalysis has become one of the most relevant methods in cross-
coupling reactions, especially in the Suzuki reaction. Such types of methods have been applied 
in many chemical transformations that led to new products or have improved a synthetic path. 
The activity of such Pd catalysts can be tuned by the variation of the ligands (pyridine, 
phosphine, amines, carbenes,…). The choice of the appropriate ligands can lead to catalytic 
transformations, which tolerate different functional groups, and weak leaving groups like 
chloride. Importantly, ligands have an influence on the turnover number (TON), the reactions 
rate and the improvement of lifetime and stability of catalysts.274 
More recent progress in the area of the Pd-catalysed cross-coupling has shown increased use 
of pyridine-based chelate compounds as catalyst support.275–278 The rigidity and the high air 
stability of nitrogen-based ligands improve the stabilisation of the catalyst. This enables the 
reaction performance at high temperatures and sometimes even under the aerobic conditions.279 
On the other hand, there are many studies focused on the development of new chemotherapy 
drugs. Significant drawbacks of platinum-based cisplatin drug are that it is inefficient to some 
tumours, active to the limited spectrum of tumours and have limited solubility in aqueous 
media. All these reasons contributed to the development of new non-platinum metal complexes. 
In this way, palladium(II) derivatives were readily chosen due to their structural analogy with 
platinum(II) complexes. It is expected that palladium-based complexes exhibit lower kidney 
toxicity than cisplatin due to their inability to replace the tightly bound chelate ligands of Pd(II) 
with sulfhydryl groups of the proteins in the kidney tubules. However, Pd(II) complexes are 
much less stable with 104–105 times faster ligand exchange than Pt(II) analogues. This causes 
that Pd(II) complexes do not maintain their structural integrity in biological fluids for long 
enough to reach the target. It is crucial to choose the proper ligands that play an important role 
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in the modification of the reactivity and the lipophilicity of a complex in a specific oxidative 
state.280             
6.1.3 Platinum Pyridine Complexes 
In recent years widespread attention has been attracted by the nonlinear optical effect of the 
two-photon absorption. A laser light beam with high intensity can introduce an electronic 
excited state via the simultaneous absorption of two photons. This process has found the 
application in many fields, for example as optical power lasing, a 3D data storage and 
microfabrication, an upconversion lasing, a photodynamic therapy, a fluorescent probe and 
bioimaging.281  Organometallic d8 Pt(II) complexes have attracted considerable attention due to 
their phosphorescence properties.282–284 They are more prone to aggregation-caused quenching 
(ACQ)285 than the octahedral phosphorescence d6 Ru(II) and Ir(III) complexes because square-
planar Pt(II) complexes often form dimers by the intermolecular π-π stacking as well as the 
Pt(II)-Pt(II) interaction.286 Due to date there are limited examples of aggregation-induced287 
phosphorescence-active Pt(II) complexes.288,289 
Square-planar d8 Pt(II) polypyridine complexes have interesting spectroscopic and 
luminescence properties. The study on the alkynylplatinum(II) terpyridine system showed such 
types of luminescence in the solution at room temperature by the incorporation of a strong 
donation of σ-donating alkynyl ligands into Pt(II) metal centre. Complexes in solution exhibited 
notably colour changes and a luminescence, due to the Pt(II)-Pt(II) and π-π stacking 
interaction.281 The alkylplatinum(II) terpyridines and their related cyclometalated complexes 
allow the formation of different and unique properties such as a self-assemble into 
metallogels,290–295 liquid crystals,296,297 and other different molecular architectures: hairpin 
conformation,298,299 helices,300–304 nanostructure305–308 and molecular tweezers,309–311 which are 
often inaccessible with normal pure organic analogues. 
6.1.4 Silver Pyridine Complexes 
A six-coordination site of HHABs makes them suitable ligands for the construction of 
supramolecular rotors in the complexation of Ag+, Pt2+ or Hg2+ ions between two hexa- or 
trimonodentate ligands.145,161–163,312–317 In the last few decades, polycenter silver complexes 
have become very interesting due to their metal-metal interaction (argentophylicity).318,319 The 
coordination compounds with this structure motif exhibit reach luminescent properties.320–322 
Several cyclic tetranuclear Au(I) and Ag(I) complexes with a formamidinate ligand have been 
reported to have exhibited interesting luminescence properties. Especially, Ag(I) complexes got 
attention in the last two decades in the supramolecular coordination chemistry. The major 




reason lies in the flexible coordination geometry of Ag(I) which can vary from linear to trigonal, 
tetragonal, square pyramidal, and octahedral. Such geometry corresponds to different 
coordination numbers from 2 to 6.323   
6.2   Research Aims and Objectives 
Polypyridine metal complexes have attracted much interest in the last few decades due to their 
applicable properties in many fields. In our study, we will apply the newly prepared 
hexa(heteroaryl)benzenes as ligands in the coordination of selected transition metals.  
At first, we will focus on the preparation of coordination compounds with one or two 
coordinated cations of the same metal. Next, the coordination of two different metals will be 
developed. Such type of complexes could serve as potential bifunctional catalysts.     
6.3 Results and Discussion 
6.3.1 Ruthenium, Palladium, Platinum and Mixed Pyridine Complexes 
We started our preliminary coordination study of the newly prepared (heteroaryl)benzene 7c 
and hexa(heteroaryl)benzenes 24 and 42 with selected transition metals. First, ligand 7c was 
reacted with 0.5 equivalent of [RuCl2(p-cymene)]2 in the presence of NaPF6. The reaction was 
performed in MeOH at room temperature. Pleasingly, after 30 min ligand 7c was consumed and 
formed a yellow solid, which was isolated in a pure form with 86% yield (Scheme 78). The 
isolated complex 54 is air-stable and soluble in DCM, CHCl3, acetone but almost insoluble in 
MeOH.   
 
Scheme 78: The synthesis of ruthenium(II) complex 54. 
The 1H NMR analysis revealed that proton signals for pyrimidine and the coordinated pyridine 
were shifted downfield according to the free ligand 7c. This indicates a decrease in the 
electronic density on the pyrimidine and the pyridine ring due to the coordination of ruthenium 
(Figure 15). 
Crystallisation from a mixture of acetone and heptane yielded orange crystals. Compound 54 
crystallised in monoclinic P21/c space group. The coordination around Ru(II) atom could be 
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described as a distorted tetrahedral. The Ru(II) is coordinated by two N atoms from the ligand 
7c, one from 3-methylpyridine and another from pyrimidine ring (Table 18). The                                  
η6-coordination of p-cymene on ruthenium is regular, with the Ru–C distance in range 
2.148(7)– 2.257(6) Å and the Ru–Ccentroid distance 1.679 Å. The lengths of coordination bonds 
and angles are listed in Table 18.   
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Figure 16: The X-ray crystal structure of the [(η6-p-cymene)Ru(7c)]+ cation in the 54. A disorder on the             
p-cymene ligand has been omitted for clarity. 






With this complex in hand, we further studied the coordination of ruthenium on                             
hexa(2-pyridyl)benzene (24). The best results of Ru(II) complexation were obtained when 
ligand 24 and 0.5 equivalent of [RuCl2(p-cymene)]2 were suspended in toluene in the presence 
of the 1 equivalent of NaPF6. The reaction suspension was further heated at 80 °C for 12 h.  
 
Scheme 79: The synthesis of complex 55. 
During that time, an orange solid was formed, which was collected by filtration and washed 
with toluene, H2O and diethyl ether to achieve the excellent 95% isolated yield of 55 (Scheme 
79). The complex 55 is air-stable in solid as well as in a solution. It is soluble in DCM, acetone, 
MeOH and insoluble in toluene, ethyl acetate and water.  
Bond distance    
Ru1–N1 2.138(6) Ru1–Cl1 2.406(2) 
Ru1–N2 2.149(6)   
Bond angles    
N1–Ru1–N2 83.5(2) N2–Ru1–Cl1 86.6(2) 
N1–Ru1–Cl1 87.0(2)   
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The 1H NMR study clearly indicates the coordination of one Ru(II) ion with one ligand 
molecule. The protons next to the coordinated pyridine nitrogen were shifted by ∼0.5 ppm 
downfield (9.20 ppm coordinated, 8.75 ppm free ligand). Furthermore, there are two types of 
free pyridine protons present in the spectrum which shift for ∼0.5 ppm upfield (8.22 and 8.11 
ppm). Orange crystals suitable for the X-ray diffraction were prepared with slow evaporation 
of DCM and heptane from a solution of the complex 55 (Figure 17). It crystallises in the triclinic 
P-1 space group. 
The coordination sphere around the Ru(II) ion is a distorted tetrahedron where the nitrogen 
atom of two pyridines are coordinated to ruthenium. The lengths of coordination bonds and 
angles are listed in Table 19. The coordination bonds distances are slightly longer than in the 
complex 54. The distances Ru–C are in the range of 2.172(7)–2.242(8) Å and the Ru–Ccentroid 
distance 1.681 Å and are in good agreement with the reported literature values.324  
 
Figure 17: The X-ray crystal structure of the [(η6-p-cymene)Ru(24)]+ cation in 55. Hydrogen atoms and water 
molecules have been omitted for clarity. 
According to the X-ray analysis, there are still four free N atoms for the coordination. First, 
we just increased the amount of [RuCl2(p-cymene)]2 to 1 equivalent, but unfortunately, only 
the complex 55 was formed, even if the temperature was elevated. When the solvent was 
Bond distance    
Ru1–N1 2.156(4) Ru1–Cl1 2.416(2) 
Ru1–N2 2.147(5)   
Bond angles    
N1–Ru1–N2 83.3(2) N2–Ru1–Cl1 87.7(1) 
N1–Ru1–Cl1 86.7(1)   




changed from toluene to MeOH and heated at 80 °C, the complex 56 with two coordinated 
Ru(II) formed (Scheme 80). In the crude reaction mixture, we detected a by-product, which was 
unstable in MeCN. Heating of the crude mixture in MeCN at 50 °C for 1 h efficiently removed 
the unwanted by-product. The complex 56 crystallised in triclinic P-1 space group from the 
MeCN solution. The coordination polyhedron around both Ru(II) centres can be described as a 
distorted tetrahedron. The same as in the complex 55 two pyridine nitrogen atoms are 
coordinated on ruthenium(II) in a bidentate fashion. The coordination of p-cymene is regular, 
with the Ru–C distance in the range 2.172(2)–2.236(3) Å and the Ru–Ccentroid distance 1.676 Å 
(Table 20, Figure 18).  
 
Scheme 80:  The synthesis of the bimetalic complex 56. 
Table 20: A selected interatomic distances (Å) and angles (°) for the complex 56. 
  
 
Figure 18: The X-ray crystal structure of The [(η6-p-cymene)2Ru2(24)]2+ cation in 56. Hydrogen atoms and 
acetonitrile solvate molecules have been omitted for clarity. 
Bond distance    
Ru1–N1 2.160(2) Ru1–Cl1 2.3945(6) 
Ru1–N2 2.131(2)   
Bond angles    
N1–Ru1–N2 85.11(7) N2–Ru1–Cl1 86.84(5) 
N1–Ru1–Cl1 84.86(6)   
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Due to the broadening of the H-6 proton signal of the coordinated and free pyridines, we 
preformed the 1H NMR spectroscopy at different temperatures. Complex 65 was dissolved in 
MeCN-d6 and spectra at 250 K, and every 10 K up to 320 K were measured. In the spectra 
recorded at 250 K, we could clearly observe the four doublets for each H-6 protons of the 
coordinated pyridines. At 280 K, the formation of two very broad singlets were observed, which 
formed one broad singlet at 300 K after coalescent temperature (290 K). With further heating 
to 320 K, this singlet became a well-defined doublet for all four protons (Figure 19).  
 
Figure 19: A part of the spectra of the H-6 coordinated pyridine proton in the complex 56 at different 
temperatures (250–320 K). 
The same effect was observed on free pyridine H-6 protons. At 250 K there are two well 
defined doublets for the H-6 proton, most probably due to the decreasing of the rotation rate 
around the benzene-pyridine C–C bond. After the sample was heated to 280 K, doublets 
collapsed to a broadened singlet. At the temperature above 300 K the peak became a more 














Figure 20: The part of the spectra of the 6-H free pyridine proton in the complex 56 at different temperature 
(250–320 K). 
After the successful coordination of one and two Ru(II) cations to hexa(2-pyridyl)benzene 
(24), we further investigated the coordination of other transition metals.  According to the 
literature, palladium(II)325–329 and platinum(II)330 are good choices due to their ability to form 
a seven-membered chelate ring. First, the hexa(2-pyridyl)benzene (24) was dissolved in MeOH 
and PdCl2 was added. Over the night, a pale yellow precipitate was formed. Unfortunately, the 
reaction was not selective, and the inseparable mixture of insoluble products was obtained. 
When the other palladium(II) precursor (PdCl2(MeCN)2) was used in the coordination with 
ligand 24 in MeOH, the selectivity was slightly improved. Only when MeOH was replaced with 
acetone the complex 57 (Scheme 81) was obtained with excellent 91% isolated yield. The 
product was almost insoluble, so we were not able to prepare crystals suitable for the X-ray 
analysis. The complex 57 was characterised only by the NMR spectroscopy, HRMS and 
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Scheme 81: The synthesis of Pd(II) complex 57. 
Furthermore, we focused on the coordination of the platinum(II) cation. The reaction between 
the ligand 24 and PtCl2 gave a mixture of different products which were also inseparable. The 
reaction with palladium analogue PtCl2(PhCN)2 did not proceed. Finally, the Pt(II) complex 58 
with a 75% isolated yield (Scheme 82) was achieved when potassium tetrachloroplatinate(II) 
was employed. It was prepared in situ by reduction of the potassium hexachoroplatinate(IV) 
with the hydrazine dihydrochloride in the water at 50 °C. The complexation was performed in 
a two-phase system in which the potassium tetrachloroplatinate(II) was in the water phase, and 
the ligand 24 was in organic (DCM) phase. The off white Pt(II) complex 58 has precipitated 
during the coordination. Due to poor solubility, the single crystals could not be prepared. The 
complex was characterised with the NMR spectroscopy, HRMS and elemental analysis.      
 
Scheme 82: The synthesis of Pt(II) complex 58. 
Finally, we tried to coordinate two different metals on one ligand. Inspired by the 
literature,331,332 we took Ru(II) complex 55 with one coordinated ruthenium(II) and tried to 
introduce palladium(II) and platinum(II). The mixed complexes were prepared in the same way 
as dipalladium(II) and diplatinum(II) complexes, but only 1 equivalent of the selected metal 
was used (Scheme 83). 
In the case of palladium(II), we were able to prepare a crystal suitable for the X-ray analysis. 
The mixed complex 59 crystallised in triclinic P-1 space group. The local geometry around the 
palladium(II) centre is square planar. The ligand is coordinated on the palladium atom in an 
isobidentate mode through the nitrogen donors of the two 2-pyridyl groups resulting in a seven-
membered boat-form conformation.     





Scheme 83: The synthesis of the mixed complex 59. 
Table 21: Selected interatomic distances (Å) and angles (°) for the complex 59. 









Figure 21: The X-ray structure of the mixed complex 59. Hydrogen atoms have been omitted for clarity. 
Two chloride anions are essentially bonded to the palladium atom in the cis position (Table 
21). On the other hand, the coordination of the ruthenium is distorted octahedral, with Ru–C 
bond length in the range 2.176(3) Å–2.208(3) Å, the same as in the complexes 55 and 56. 
Bond distance    
Ru1–N1 2.138(2) Ru1–Cl1 2.4173(9) 
Ru1–N2 2.152(3)   
Pd1–N4 2.010(2) Pd1–Cl2 2.2817(8) 
Pd1–N5 2.024(3) Pd1–Cl3 2.2932(9) 
Bond angles    
N1–Ru1–N2 85.11(7) N2–Ru1–Cl1 86.84(5) 
N1–Ru1–Cl1 84.86(6)   
N4–Pd1–N5 86.1(1) N5–Pd1–Cl2 90.09(8) 
N4–Pd1–Cl3 89.64(8) Cl2–Pd1–Cl3 94.21(3) 
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The mixed complex with ruthenium(II) and platinum(II) was prepared with the reaction 
between Ru(II) complex 55 and the freshly prepared potassium tetrachloroplatinate(II) with the 
two-phase system reaction (Scheme 84). The complex was characterised by the NMR 
spectroscopy, HRMS and elemental analysis.  
 
Scheme 84: The synthesis of the mixed complex 60. 
The structures of complexes which were not determined by the X-ray, but were proposed based 
on 1H NMR spectroscopy of the H-6 pyridine proton shifts (Table 22). 
Table 22: 1H NMR shift of coordinated and free H-6 pyridine proton 






6.3.2 Silver Pyridine Complexes 
Inspired by a study of Hiraoka and co-workers,312–317 we first treated polydentate ligand 24 
with 3 equiv. of AgOTf in MeOH. The suspension was stirred in the dark at r. t. for 12 h. In this 
time a solid product was formed and finally precipitated with Et2O. After two weeks of the 
crystallisation from acetone single crystals suitable for the X-ray analysis were obtained. To 
our surprise, the complex did not contain only three Ag+ ions but four. Moreover, it also 
contained fluorine anion in the middle of the sandwich-type complex (Figure 22). With this 
knowledge in hand, the ligands 24 and 42 were reacted with 1.5 equiv. of AgOTf and 0.5 equiv. 
of AgF. After 12 h the complexes [Ag4F(24)2](OTf)3 and [Ag4F(42)2](OTf)3 were isolated with 
78 % and 71 % yields, respectively (Scheme 85). 
  H-6 δ (ppm)  
Entry Complex coordinated pyridine ring free pyridine ring 
1 24 / 8.08 (d) 
2 56 9.26 (br s) 8.33 (d) 
5 57 8.98 (br s); 8.94 (br s) 8.16 (br s) 
6 58 8.96 (d); 8.91 (d) 8.15  (d) 
7 59 9.27 (dd); 8.94 (dd) 8.23 (d) 
8 60 9.27 (dd); 8.94 (dd) 8.23 (d) 





Scheme 85: The preparation of Ag(I) complex with ligand 24 and 42. 
The complexes are air-stable and readily soluble in polar solvents such as acetone and MeCN. 
Both of them were crystallised with slow diffusion of ethyl acetate into the acetone solution of 
the complex. 
 
Figure 22: The X-ray structure of [Ag4F(24)2]3+ cation. Hydrogen atoms have been omitted for clarity 
Next, we tried to coordinate more than four silver cations. The ligand 24 was first treated with 
2 equiv. of AgOTf and 1 equiv. of AgF in MeOH. Stirring the reaction mixture at r. t. in the 
dark for another 12 h led to a 3:1 mixture of [Ag5F(24)2](OTf)4 and [Ag4F(24)2](OTf)3 as 
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revealed by 1H NMR spectroscopy (Figure 23b). After the amount of AgOTf and AgF had been 
changed to 2.5 and 0.5 equiv., the pure complex [Ag5F(24)2](OTf)4 (Figure 23c) was isolated 
in 86 % yield (Scheme 86), which is air-stable and soluble in polar organic solvents such as 
acetone, MeOH and MeCN. The crystallisation from the acetone solution with slow diffusion 
of ethyl acetate produced colourless crystal suitable for the X-ray crystallography. 
 
Scheme 86: The Synthesis of the complex [Ag5F(24)2](OTf)4. 
 
Figure 23: The 1H NMR spectra (500 MHz, acetone-d6, 293 K): (a) pure [Ag4F(24)2](OTf)3, (b) mixture of 








To investigate the formation of different complexes, the reactions between the ligand 24,                 
0.5 equivalents of AgF and different amounts of AgOTf were studied. With the increase of 
Ag(I) cation equivalents the amount of the complex with four Ag(I) ions started to decrease. 
On the other hand, the product with five coordinated Ag(I) ions started to increase. When there 
were 2.6 equivalents of Ag(I) cation per one ligand 24, only complex with five silver ions was 
formed. No matter how much more silver(I) was added, the complex [Ag5F(24)2](OTf)4 was 
the only product.  
 
Graph 9: The molar ratio between complexes depending on different equivalents of Ag(I). 
Structural Analysis of [Ag4F(24)2](OTf)3 
The crystallographic analysis revealed that the complex [Ag4F(24)2](OTf) had crystallised in 
the monoclinic P2/n space group. The complex has a 3D sandwich-like shape with four silver 
ions in a slightly distorted square between two ligands 24. In both ligands, all of six pyridine 
rings are directed toward the centre of the complex with the torsion angles from 75.9 to 96.3°. 
Silver ions are coordinated with three pyridine nitrogen atoms and one fluoride anion. If 
neglecting the Ag· · ·Ag interaction, the geometry around silver is almost tetrahedral. The 
distortion from the perfect tetrahedral geometry can be determined by using the τ4 geometry 
index, τ4 = (360 – (α + β))/141. The α and β presented in the equation are the largest angels 
around the metal centre. Values for the τ4 vary from 1 for the perfect tetrahedral to 0 for the 
perfect square planar geometry. There are two slightly different silver metal centres in the 
complex. The τ4 for Ag1 and Ag2 are 0.87 and 0.85, which can be considered as almost perfect 
tetrahedral coordination geometry. The distances for the Ag–N bonds are the same for Ag1 and 
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Ag2, and are in the range from 2.20(1) to 2.44(1) Å. A crystal structure also revealed the                   
Ag· · ·Ag interaction. The distance between Ag1 and Ag2 (3.183(3) Å), which is shorter than 
the sum of two silver van der Waals radii (3.44 Å), indicates the presence of strong argentophilic 
interaction. Meanwhile, the distances between two Ag1 or two Ag2 are 3.368(2) Å and are also 
shorter than the sum of van der Waals radii (3.44 Å) and indicate on weak argetophilic 
interaction.318 
Moreover, in the middle of the complex is F- which is coordinated on four silver atoms (∼2.317 
Å). The anion is 3.073 and 3.077 Å from benzene rings; thus it can indicate on anion-π 
interaction which is normally in range 2–5 Å.334,335 Nevertheless, the F- enable the tetrahedral 
coordination around the silver atom and also partially neutralises the positive charge which is 
a consequence of four silver cations in the closed pack complex.  
Structural Analysis of [Ag4F(42)2](OTf)3 
Complex [Ag4F(42)2](OTf)3 crystalised in the trigonal P3221 space group. The complex has 
the same sandwich-like shape and four silver ions in the almost square orientation coordinated 
by two ligands 42 as [Ag4F(24)2](OTf)3. The pyridine and quinoline rings torsion angles vary 
from 92.43 to 116.95° and from 107.85 to 114.11°, respectively. Two silver ions are 
coordinated with two pyridines, one quinoline nitrogen atom and a fluoride anion. One pyridine, 
two quinolines nitrogen atoms and a fluoride anion coordinate the other two Ag(I). The 
distortion from the perfect tetrahedral geometry determined by τ4 is 0.83 and is the same for all 
four silver atoms and indicates almost perfect tetrahedral coordination geometry.  
 
Figure 24: The X-ray structure of [Ag4F(42)2]3+. Hydrogen atoms have been omitted for clarity 
The distances for the Ag–NPy bonds are in the range from 2.247 to 2.494 Å and for the            
Ag–NQuin bonds from 2.243 to 2.525 Å. The distances for Ag1· · ·Ag1 and Ag2· · ·Ag2 are 




3.1170(7) and 3.2033(6) Å and are shorter than the sum of van der Waals radii (3.44 Å). This 
indicates strong argentophilic interaction while the Ag1· · ·Ag2 distance is in both cases 
3.5703(6) Å and is longer than sum of van der Waals radii, which means that there is no 
argentophilic interaction. 
The F- in the centre of the complex is coordinated on four silver atoms with the Ag1–F and 
Ag2–F distances 2.352 Å and 2.412 Å, respectively.  On the other hand, the F- is 2.961 Å from 
benzene rings, thus indicating on an anion-π interaction. 
Structural Analysis of [Ag5F(24)2](OTf)4 
Complex [Ag5F(24)2](OTf)4 crystalised in the monoclinic P21/n space group (Figure 25). The 
complex has the same sandwich-like shape as [Ag4F(24)2](OTf)3, but with five silver ions in 
the almost pentagonal orientation coordinated by two ligands 24. The pyridine rings torsion 
angles vary from 71(1) to 111(1)°. The Ag2, Ag3 and Ag4 silver ions are coordinated with three 
pyridine nitrogen atoms and fluoride anion (τ4 ∼ 0.80), Ag1 is coordinated with two pyridine 
nitrogen atoms and F– anion while Ag5 is coordinated only with three pyridine nitrogen atoms 
(Ag5· · ·F = 2.724(9) Å). Distances for Ag–N bonds are in the range from 2.194(9) to 2.70(1) 
Å. The distances for Ag· · ·Ag are 2.940(2)–3.085(2) Å and are shorter than sum of van der 
Waals radii (3.44 Å), indicating strong argentophilic interactions.  
The F- in the centre of the complex is coordinated on four silver atoms with Ag–F distance 
2.398(6)–2.578(6) Å.  The distances between F- and benzene rings (2.971 and 2.980 Å) indicate 
on anion-π interactions. 
 
Figure 25: The X-ray structure of [Ag5F(24)2]4+. Hydrogen atoms have been omitted for clarity. 
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UV/vis Spectroscopy Analysis 
Graph 10 shows the UV/vis spectra of the free ligand 24 and their silver complexes in MeCN 
at the room temperature. The free ligand 24 has two absorption maxima at 242 nm (ε = 25650 
mol-1 dm3 cm-1) and at 266 nm (ε = 24780 mol-1 dm3 cm-1). Meanwhile, the complexes exhibit 
only one absorption maximum, both at 259 nm with ε = 58470 mol-1 dm3 cm-1 and ε = 66616 
mol-1 dm3 cm–1 for [Ag4F(24)2](OTf)3 and [Ag5F(24)2](OTf)4, respectively.   
 
Graph 10: The UV/vis spectra of 24, [Ag4F(24)2](OTf)3 and [Ag5F(24)2](OTf)4. 
On the other hand, the absorption spectra Graph 11 for the ligand 42 and the complex 
[Ag4F(24)2](OTf)3 in MeCN at the room temperature exhibit three absorption maxima at 238 
nm (ε = 55480 mol-1 dm3 cm-1 for 42 and ε = 174800 mol-1 dm3 cm-1 for complex 
[Ag4F(42)2](OTf)3) , 310 nm (ε = 9503 mol-1 dm3 cm-1 for 42 and ε = 36910 mol-1 dm3 cm-1 for 
the complex [Ag4F(42)2](OTf)3) and 321 nm (ε = 9050 mol-1dm3cm-1 for 42 and ε = 35780              
mol-1 dm3 cm-1 for the  complex [Ag4F(42)2](OTf)3).      
 
Graph 11: The UV/vis spectra of 42 and [Ag4F(42)2](OTf)3. 





In summary, this chapter presents our complexation study of different transition metals to 
newly prepared ligands.  
First, we prepared the Ru(p-cymene) complex with 2-(2,6-bis(3-methylpyridin-2-
yl)phenyl)pyrimidine (7c) as ligand, showing that Ru(II) could form a seven-membered chelate 
ring. We further showed that the hexa(2-pyridyl)benzene (24) could serve as a polydentate 
ligand in the coordination of one metal, two same metals or two different metals. In this way 
we prepared complexes with one coordinated Ru(II), with two Ru(II), two Pd(II) and two Pt(II) 
coordinated as well as two mixed Ru(II)-Pd(II) and Ru(II)-Pt(II) complexes. Structures of 
selected complexes were confirmed by X-ray analysis  
The Ag(I) formed the sandwich-shaped complexes via self-assembly of two HHAB ligands 
when four or five Ag(I) cations are coordinated between two ligands. In the middle of the 
complex, there is an F- anion, which is coordinated to four Ag(I). Between Ag(I) we observed 
argentophilic interactions. These are examples of new planar multiple metal sites coordinated 
to only two polyheterocycles with multiple N-containing atoms.   
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6.5 Experimental Section 
General Information 
All reagents were commercial-grade used without further purification. Reactions were 
monitored by analytical thin-layer chromatography (TLC) on Fluka silica gel TLC. Column 
chromatography was performed on 230–400 mesh silica gel. Melting points were determined 
on a Kofler micro hot stage instrument and with SRS OptiMelt MPA100-Automated Melting 
Point System and are uncorrected. The NMR spectroscopy data were recorded at 296 K with 
Bruker Advance III 500 MHz for 1H NMR and 126 MHz for 13C NMR. All NMR data were 
recorded in a CDCl3, DMSO-d6 and MeCN-d3 and are given in ppm (δ). Chemical shifts for 1H 
NMR were referenced to TMS as an internal standard for CDCl3 and DMSO-d6, for MeCN-d3 
were referenced to the central peak of the MeCN quintet at δ 1.94 ppm. The 13C NMR data are 
referenced against the central line of the CHCl3 triplet at δ 77.16 ppm, DMSO septet at δ 39.52 
ppm and MeCN septet at δ 1.32 ppm. The coupling constants are given in Hertz (Hz). For the 
multiplicity signification, the standard abbreviation was used: s (singlet), d (doublet), t (triplet), 
q (quartet), sept (septet), m (multiplet), and br (broad). IR spectra were obtained with a Bruker 
ALPHA FT-IR spectrophotometer and reported in reciprocal centimetres (cm-1). High-
resolution mass spectra were recorded with an Agilent 6224 Accurate Mass TOF LC/MS 
instrument. Elemental analysis (C, H, N) were performed with a Perkin-Elmer 2400 Series II 
CHNS/O Analyzer. 
Synthesis of Complex 54 
 
The mixture of tris(heteroaryl) bezene 7c (17 mg, 0.05 mmol), [RuCl2(p-cymene)]2 (15 mg, 
0.025 mmol) and NaPF6 (12 mg, 0,075 mmol) was dissolved in MeOH (1 mL) and stirred at 
room temperature for 0.5 h. After that precipitate was filtered off and washed with MeOH (1 
mL), H2O (2 x 1 mL), Et2O (2 x 1 mL) and dried to obtain complex 54 (33 mg, 0.04 mmol, 
86%) as a yellow solid. Single crystals suitable for X-ray crystallography were grown by the 
slow evaporation of a solution of 54 (7 mg) in a 3:1 acetone/heptane mixture (5 mL).  Mp. 233–
236. 1H NMR (500 MHz, CDCl3): δ 9.34 (dd, J = 6.1, 2.2 Hz, 1H), 9.24–9.03 (m, 1H), 8.21 




(dd, J = 4.7, 2.2 Hz, 1H), 8.01 (t, J = 7.7 Hz, 1H), 7.98 (dd, J = 5.1, 1.6 Hz, 1H), 7.81–7.76 (m, 
2H), 7.69–7.63 (m, 2H), 7.31 (dd, J = 7.7, 5.9 Hz, 1H), 7.12 (dd, J = 6.8, 4.7 Hz, 2H), 6.49 (d, 
J = 5.9 Hz, 1H), 5.60 (d, J = 5.8 Hz, 1H), 5.49 (d, J = 5.9 Hz, 1H), 4.33 (d, J = 5.8 Hz, 1H), 
2.73 (sept, J = 7.3 Hz, 1H), 2.46 (s, 3H), 2.27 (s, 3H), 2.00 (s, 3H), 1.30 (d, J = 6.9 Hz, 3H), 
1.23 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 168.2, 160.7, 159.7, 157.9, 156.9, 
152.5, 145.4, 142.5, 141.7, 139.1, 138.7, 137.6, 135.9, 133.6, 131.8, 131.7, 130.8, 124.6, 122.8, 
119.8, 103.1, 102.9, 89.3, 84.6, 79.2, 30.4, 29.9, 23.4, 21.5, 21.4, 20.0, 18.4. HRMS (ESI) 
calcd for C32H32N2Ru [M-PF6-]+: 603.1386, found: 603.1388. FT-IR (ATR); νmax/cm-1 2983, 
1578, 1556, 1472, 1444, 1405, 1122, 1084, 878, 835, 794, 767, 633. Elemental analysis calcd 
(%) for C32H32ClF6N4PRu x 0.25H2O: C 50.66, H 4.32, N 7.39; found: C 50.49, H 4.09, N 7.33.  
Synthesis of Complex 55 
 
The mixture of hexapyridyl bezene 24 (27 mg, 0.05 mmol), [RuCl2(p-cymene)]2 (15 mg, 0.025 
mmol) and NaPF6 (9 mg, 0,05 mmol) was suspended in toluene (1 mL) and stirred at 80 °C for 
12 h. After that, the precipitate was filtered off and washed with toluene (1 mL), H2O (2 x 1 
mL), Et2O (2 x 1 mL) and dried to obtain complex 55 (45 mg, 0.048 mmol, 95%) as a yellow 
solid. Single crystals suitable for X-ray crystallography were grown by the slow evaporation of 
a solution of 55 in a DCM/heptane mixture.  Mp. 220–223 °C. 1H NMR (500 MHz, CDCl3): δ 
9.20 (dd, J = 5.9, 1.5 Hz, 2H), 8.22 (s, 2H), 8.11–7.98 (m, 2H), 7.45 (d, J = 7.9 Hz, 2H), 7.40 
(td, J = 7.7, 1.8 Hz, 3H), 7.36 (d, J = 6.6 Hz, 2H), 7.24 (td, J = 7.7, 1.6 Hz, 3H), 7.07 (d, J = 
7.7 Hz, 2H), 7.01 (ddd, J = 7.6, 6.1, 1.6 Hz, 2H), 6.94–6.87 (m, 2H), 6.85 (dd, J = 8.4, 4.9 Hz, 
2H), 6.03 (d, J = 5.8 Hz, 2H), 5.79 (d, J = 5.8 Hz, 2H), 3.44 (sept, J = 7.5 Hz, 1H), 2.45 (s, 3H), 
1.34 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3): δ 160.2, 156.5, 156.3, 153.6, 148.4, 
147.7, 142.5, 140.7, 138.7, 138.0, 135.7, 135.4, 129.2, 128.8, 128.3, 128.2, 126.9, 125.4, 123.5, 
121.9, 121.8, 107.8, 100.9, 84.7, 83.8, 29.3, 22.2, 18.0. HRMS (ESI) calcd for C46H38ClN6Ru 
[M-PF6]+: 805.1917, found: 805.1917. FT-IR (ATR); νmax/cm-1 1587, 1484, 1474, 834, 803, 
764, 7500. Elemental analysis calcd (%) for C46H38ClF6N6PRu: C 57.77, H 4.01, N 8.79; 
found: C 57.41, H 3.80, N 8.30. 
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Synthesis of Complex 56 
 
The mixture of hexapyridylbezene 24 (27 mg, 0.05 mmol), [RuCl2(p-cymene)]2 (30 mg, 0.025 
mmol) and NaPF6 (18 mg, 0,1 mmol) was dissolved in MeOH (2 mL) and stirred at 80 °C for 
12 h. After that, the precipitate was filtered off and washed with MeOH (1 mL), Crude product 
was dissolved in MeCN (2 mL) and stirred at 50 °C for 1 h. Solvent was removed in vacuo and 
the residue was triturated with DCM (3 mL). The solid compound was filtered off and washed 
with DCM (1 mL), H2O (2 mL), Et2O (2 mL) and dried to obtain complex 56 (27 mg, 56%) as 
a yellow solid. Single crystals suitable for X-ray crystallography were grown by the slow 
evaporation of a solution of 56 (7 mg) in MeCN. Mp. 260 °C (dec.). 1H NMR (500 MHz, 
CD3CN): δ 9.33 (br s, 4H), 8.34 (br d, J = 4.9 Hz, 2H), 7.72–7.50 (m, 2H), 7.39 (br t, J = 7.6 
Hz, 4H), 7.33–7.15 (m, 6H), 7.15–7.04 (m, 4H), 6.99 (d, J = 7.9 Hz, 2H), 6.51–5.44 (m, 8H), 
3.09 (br s, 2H), 2.45–2.30 (m, 6H), 1.42 (br d, J = 6.4 Hz, 12H). 13C NMR (126 MHz, CD3CN): 
δ 159.5, 157.6, 156.0, 150.2, 142.9, 139.6, 137.5, 130.9, 127.0, 125.4, 123.8, 108.6, 86.1, 85.4, 
84.6, 82.3, 30.0, 22.1, 18.6. HRMS (ESI) calcd for C56H52Cl2N6Ru2 [M+2H]2+: 541.0853, 
found: 541.0858. FT-IR (ATR); νmax/cm-1 2969, 1589, 1564, 1543, 1486, 1174, 876, 834, 802, 
763, 746. Elemental analysis calcd (%) for C56H52Cl2F12N6P2Ru2 × H2O: C 48.39, H 3.92, N 
6.05; found: C 48.29, H 3.70, N 6.06. 
Synthesis of Complex 57 
 
The mixture of hexapyridylbezene 24 (27 mg, 0.05 mmol) and PdCl2(MeCN)2 (26 mg, 0.1 
mmol) was suspended in acetone (1 mL) and stirred at room temperature for 12 h. After that, 
the precipitate was filtered off and washed with acetone (1 mL), MeOH (1 mL), Et2O (2 mL) 




and dried to obtain complex 57 (41 mg, 91%) as a pale yellow solid. Mp. >300 °C (dec.). 1H 
NMR (500 MHz, DMSO-d6): δ = 8.98 (br s, 2H), 8.94 (br s, 2H), 8.16 (br s, 2H), 7.67–7.51 
(m, 6H), 7.44 (br s, 6H), 7.21 (br s, 4H), 7.03 (br s, 2H). 13C NMR (126 MHz, DMSO-d6): δ 
155.55, 154.71, 154.57, 152.93, 152.68, 148.49, 142.99, 139.55, 139.03, 137.83, 136.36, 
135.55, 128.91, 127.98, 126.28, 126.04, 125.78, 122.00. HRMS (ESI) calcd for 
C38H27Cl3N7Pd2 [M-Cl+MeCN]+: 901.9454, found: 901.9458. FT-IR (ATR); νmax/cm-1 3102, 
3068, 1598, 1566, 1486, 1431, 1401, 1288, 802, 787, 765. Elemental analysis calcd (%) for 
C36H24Cl4N6Pd2 × 1.25H2O: C 47.11, H 2.91, N 9.16; found: C 46.92, H 3.06, N 8.84. 
Synthesis of Complex 58 
 
K2[PtCl6] (50 mg, 0.10 mmol) and N2H4 × 2HCl (5 mg, 0.05 mmol) was suspended in 1 mL of 
H2O and mixed at 50 °C for 12 h. The reaction mixture was cooled to room temperature and 
the solution of 24 (27 mg, 0.05 mmol) in 1 mL of DCM was added. The two phase system was 
mixed at room temperature for 12 h. After that, the precipitate was filtered off and washed with 
DCM (1 mL), MeOH (2 mL), Et2O (2 mL) and dried to obtain complex 58 (40 mg, 75%) as a 
pale yellow solid. Mp. >300 °C (dec.). 1H NMR (500 MHz, DMSO-d6): δ 8.96 (dd, J = 5.7, 1.8 
Hz, 2H), 8.91 (dd, J = 6.0, 2.0 Hz, 2H), 8.15 (d, J = 4.5 Hz, 2H), 7.63 (td, J = 7.8, 1.5 Hz, 2H), 
7.61–7.53 (m, 2H), 7.50–7.37 (m, 8H), 7.23 (d, J = 8.0 Hz, 2H), 7.12–6.98 (m, 4H). 13C NMR 
(126 MHz, DMSO-d6): δ 155.5, 155.4, 153.6, 153.4, 148.4, 139.3, 136.1, 129.1, 127.9, 126.5, 
126.1, 122.1, 39.5. HRMS (ESI) calcd for C36H25Cl4N7Pt2 [M+H]+: 1073.155, found: 
1073.0160. FT-IR (ATR); νmax/cm-1 3067, 3044, 1602, 1564, 1488, 1402, 1287, 1232, 1174, 
799, 763. Elemental analysis calcd (%) for C36H34ClN6Pt2 × 1.5CH2Cl2: C 37.53, H 2.27, N 
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Synthesis of Complex 59 
 
The mixture of complex 55 (24 mg, 0.025 mmol) and PdCl2(MeCN)2 (6.5 mg, 0.025 mmol) 
was suspended in acetone (1 mL) and stirred at room temperature for 12 h. After that precipitate 
was filtered off and washed with acetone (1 mL), MeOH (1 mL), Et2O (2 mL) and dried to 
obtain complex 59 (26 mg, 90%) as a yellow solid. Single crystals suitable for X-ray 
crystallography were grown by the slow evaporation of a solution of 59 in MeCN/p-xylene 
mixture.  Mp. >300 °C (dec.). 1H NMR (500 MHz, CD3CN): δ 9.27 (dd, J = 6.0, 1.6 Hz, 2H), 
8.94 (dd, J = 5.8, 1.5 Hz, 2H), 8.23 (d, J = 4.7 Hz, 2H), 7.55–7.37 (m, 6H), 7.39–7.27 (m, 4H), 
7.17 (ddd, J = 7.6, 5.9, 1.6 Hz, 2H), 7.09 (ddd, J = 6.6, 4.9, 2.5 Hz, 2H), 7.05 (dd, J = 7.9, 1.5 
Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 6.00 (d, J = 5.7 Hz, 2H), 5.73 (d, J = 5.7 Hz, 2H), 3.41 (sept, 
J = 6.3 Hz, 1H), 2.47 (s, 3H), 1.37 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CD3CN): δ 159.6, 
156.4, 156.3, 155.4, 153.5, 149.5, 142.4, 142.3, 139.8, 139.4, 138.9, 137.5, 130.0, 129.5, 128.6, 
126.5, 125.0, 123.6, 107.9, 101.8, 85.5, 85.1, 30.4, 22.1, 18.2. HRMS (ESI) calcd for 
C46H38Cl3N6PdRu [M-PF6]+: 989.0298, found: 989.0300. FT-IR (ATR); νmax/cm-1 3110, 2961, 
1600, 1587, 1566, 1487, 1403, 839, 804, 766, 753. Elemental analysis calcd (%) for 
C46H38Cl3F6N8PPdRu × 0.7H2O: C 48.20, H 3.46, N 7.33; found: C 47.80, H 3.06, N 7.24. 
Synthesis of Complex 60 
 
K2[PtCl6] (12 mg, 0.025 mmol) and N2H4·2HCl (1.25 mg, 0.0125 mmol) was suspended in 0.5 
mL of H2O and mixed at 50 °C for 12 h. The reaction mixture was cooled to room temperature 
and the solution of 55 (24 mg, 0.025 mmol) in 1 mL of DCM was added. The two phase system 




was mixed at room temperature for 12 h. After that, the precipitate was filtered off and washed 
with DCM (1 mL), MeOH (2 mL), Et2O (2 mL) and dried to obtain complex 60 (20 mg, 66%) 
as a pale orange solid.  Mp. >300 °C (dec.). 1H NMR (500 MHz, CD3CN): δ 9.27 (dd, J = 6.0, 
1.6 Hz, 2H), 8.94 (dd, J = 5.8, 1.5 Hz, 2H), 8.23 (d, J = 4.7 Hz, 2H), 7.55–7.37 (m, 6H), 7.39–
7.27 (m, 4H), 7.17 (ddd, J = 7.6, 5.9, 1.6 Hz 2H), 7.09 (ddd, J = 6.6, 4.9, 2.5 Hz, 2H), 7.05 (dd, 
J = 7.9, 1.5 Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 6.00 (d, J = 5.7 Hz, 2H), 5.73 (d, J = 5.7 Hz, 2H), 
3.41 (sept, J = 6.3 Hz, 1H), 2.47 (s, 3H), 1.37 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, 
CD3CN): δ 159.6, 156.4, 156.3, 155.4, 153.5, 149.5, 142.4, 142.3, 139.8, 139.4, 138.9, 137.5, 
130.0, 129.5, 128.6, 126.5, 125.0, 123.6, 107.9, 101.8, 85.5, 85.1, 30.4, 22.1, 18.2. HRMS 
(ESI) calcd for C46H38Cl3N6PtRu [M-PF6]+: 1077.0899, found: 1077.0895. FT-IR (ATR); 
νmax/cm-1 3046, 2960, 1601, 1587, 1566, 1488, 1402, 840, 804, 765, 753. Elemental analysis 
calcd (%) for C46H38Cl3F6N6PPtRu × 1.5CH2Cl2: C 42.27, H 3.06, N 6.23; found: C 42.30, H 
2.66, N 6.36. 
Synthesis of Complex [Ag4F(24)2](OTf)3 
Screw cap scintillation vial was charged with ligand 24 (28 mg, 0.05 mmol), AgOTf (19.5 mg. 
0.075 mmol) and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH and 
stirred in dark at room temperature for 12 h. After that time Et2O (2 mL) was added to 
precipitate the product which was filtered off, washed with H2O (1 mL), Et2O (2 x 1 mL) and 
dried to obtain complex [Ag4F(24)2](OTf)3 (38 mg, 0.020mmol, 78%) as a white solid. Mp. 
>300 °C. 1H NMR (500 MHz, acetone-d6): δ 8.10 (d, J = 5.0 Hz, 1H), 7.91 (d, J = 7.9 Hz, 1H), 
7.74 (td, J = 7.7, 1.7 Hz, 1H), 7.17 (ddd, J = 7.6, 5.1, 1.3 Hz, 1H). 13C NMR (126 MHz, acetone-
d6): δ 157.8, 150.3, 141.4, 138.7, 128.5, 124.1, 121.6 (q, J = 322.0 Hz). HRMS (ESI) calcd for 
C72H48N12FAg4 [M-3OTf]3+: 509.0099, found: 509.0100. FT-IR (ATR); νmax/cm-1 1592, 1566, 
1483, 1405, 1256, 1221, 1151, 1027, 997, 806, 754, 635.  
Synthesis of Complex [Ag4F(42)2](OTf)3 
Screw cap scintillation vial was charged with ligand 42 (34,5 mg, 0.05 mmol), AgOTf (19.5 
mg. 0.075 mmol) and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH 
and stirred in dark at room temperature for 12 h. After that time Et2O (2 mL) was added to 
precipitate the product which was filtered off, washed with H2O (1 mL), Et2O (2 x 1 mL) and 
dried to obtain complex [Ag4F(42)2](OTf)3 (40 mg, 0.018 mmol, 71%) as a white solid. Mp. 
>300 °C. 1H NMR (500 MHz, acetone-d6): δ = 8.38 (d, J = 8.5 Hz, 1H), 8.27 (d, J = 8.5 Hz, 
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1H), 8.16 (dt, J = 7.9, 1.1 Hz, 1H), 8.03 (d, J = 5.0 Hz, 1H), 7.84 (d, J = 7.9 Hz, 1H), 7.26 (ddd, 
J = 8.0, 6.9, 1.2 Hz, 1H), 7.01 (ddd, J = 7.6, 5.1, 1.3 Hz, 1H), 6.71 (d, J = 8.7 Hz, 1H), 6.52 
(ddd, J = 8.5, 6.9, 1.3 Hz, 1H). 13C NMR (126 MHz, acetone-d6): δ = 159.9, 158.1, 150.5, 
146.2, 142.3, 141.5, 139.1, 139.0, 130.5, 129.0, 128.9, 128.5, 128.3, 127.8, 125.5, 124.3, 121.6 
(q, J = 322.0 Hz). FT-IR (ATR); νmax/cm-1 1604, 1569, 1327, 1259, 1165, 1122, 1078, 1029, 
1020, 868, 729, 637. 
Synthesis of Complex [Ag5F(24)2](OTf)4 
Screw cap scintillation vial was charged with ligand 24 (19,5 mg, 0.05 mmol), AgOTf (32.1 
mg. 0.125 mmol) and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH 
and stirred in dark at room temperature for 12 h. After that time Et2O (2 mL) was added to 
precipitate the product which was filtered off, washed with H2O (1 mL), Et2O (2 x 1 mL) and 
dried to obtain complex [Ag5F(24)2](OTf)4 (48 mg, 0.022 mmol, 86%) as a white solid. Mp. 
>300 °C. 1H NMR (500 MHz, acetone-d6): δ = 8.38 (d, J = 5.1 Hz, 1H), 8.15 (dt, J = 7.9, 1.2 
Hz, 1H), 7.89 (td, J = 7.8, 1.6 Hz, 1H), 7.32 (ddd, J = 7.7, 5.2, 1.3 Hz, 1H). 13C NMR (126 
MHz, acetone-d6): δ = 157.3, 152.1, 141.9, 140.2, 129.7, 125.2, 121.3 (q, J = 321.2 Hz). FT-
IR (ATR); νmax/cm-1 1592, 1565, 1434, 1405, 1258, 1221, 1150, 1028, 997, 806, 754, 635. 
  




Crystal structure analysis: Crystal data for 54–56, 59 and for complexes [Ag4F(24)2](OTf)3, 
[Ag4F(42)2](OTf)3 and [Ag5F(24)2](OTf)4 were collected at 150 K on an Agilent Technologies 
SuperNova Dual diffractometer using monochromated Mo-Kα radiation (λ = 0.71073 Å) or Cu-
Kα radiation (λ = 1.54184 Å). The structures were solved by direct methods (SIR-97 and 
SHELX-2014) and refined by the full-matrix least-squares procedure based on F2 with SHELX-
2014. All non-hydrogen atoms were readily located and refined anisotropically. All hydrogen 
atoms were initially located in the difference Fourier maps and were subsequently included in 
the model at geometrically calculated positions and refined by using a riding model except in 
55∙5H2O where hydrogen atoms on water oxygen atoms O1–O5 were not found in difference Fourier 
maps and were not included in the refinement. In crystal 54 the p-cymene ligand was refined as 
disordered over two positions in 0.65:0.35 ratio and the ring atoms C23B–C28B of the minor 
component were restrained to lie on a common plane as a regular hexagon and to have the same 
Uij components. In addition, atoms C25A and C25B as well as C28A and C27B were refined 
sharing the same site with the same Uij components. Atoms C29B–C31B were refined with 
restrained Uij components and atoms of isopropyl group C30A–C32A of the major component 
were restrained to have the same Uij components. The PF6– anion was refined as disordered 
over two positions in 0.50:0.50 ratio and F3A–F6A and F3B–F6B atoms were restrained to 
have the same Uij components. In the crystal structure 59 the C59–C62 atoms of mesitylene 
solvate molecule were refined with restrained Uij components. The second mesitylene solvate 
molecule was refined with fixed occupancy of 0.75 and the ring atoms C47–C52 was restrained 
to lie on a common plane as a regular hexagon. The third mesitylene solvate molecule was 
refined with a fixed occupancy of 0.25 for atoms C55–C58 lying close to the inversion centre 
and were refined with restrained Uij components. In crystal [Ag4F(42)2](OTf)3  one water 
molecule and one triflate anion are disordered over 2-fold rotation axis in fixed ratio 0.50:0.50. 
Water molecules O8–O10 were refined with fixed occupancy of 0.33 and restrained Uij 
components. Crystals of [Ag5F(24)2](OTf)4 were obtained by recrystallisation from the 
acetone/benzene/ethyl acetate mixture and the crystal structure contain electron density that 
belongs to disordered solvate molecules. One triflate anion was refined with fixing the 
coordinates of C76 and O11, and restraining Uij components for O11 while C76 was refined 
isotropically. Benzene solvate molecule C80–C85 was refined isotropically, and hydrogen 
atoms were not included into the model. Water molecules O14 and O16 were refined with fixed 
occupancy ratio of 0.50 and restrained Uij components.  
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Table 23: Selected crystallographic data. 
 54 55∙5H2O 56∙2CH3CN 59∙CH3CN∙1.375(C8
H10) 
Formula C32H32ClF6N4PRu C46H38ClF6N6RuSb∙5H2O C56H52Cl2F12N6P2Ru2∙2CH3CN C46H38Cl3F6N6PPdRu∙CH3CN∙1.375(C8H10) 
Mr 754.10 1137.17 1454.12 1320.63 
T (K) 150(2) 150(2) 150(2)  150(2) 
Crystal system Monoclinic Triclinic Triclinic Triclinic 
Space group P21/n P–1 P–1 P–1 
a (Å) 13.5513(7) 11.2163(3) 10.8487(4) 11.1977(4) 
b (Å) 15.6707(8) 14.1214(4) 11.1419(4) 13.3755(4) 
c (Å) 16.0419(9) 16.4883(5) 12.6639(6) 20.4572(6) 
α (°) 90 80.201(2) 91.375(3) 78.428(3) 
β (°) 103.578(5) 76.807(2) 102.341(4) 74.230(3) 
γ (°) 90 85.971(2) 100.993(3) 81.693(3) 
Volume (Å3) 3311.4(3) 2504.21(13) 1464.59(11) 2875.53(17) 
Z 4 2 1 2 
Dc (g/cm3) 1.513 1.508 1.649 1.525 
 (mm–1) 0.665 7.823 0.748 0.807 
Reflections collected 21708 35565 13037 28721 
Reflections unique 
(Rint) 7585 (0.0632) 9517 (0.0895) 6707 (0.0318) 13186 (0.0367) 
Parameters 1528 598 392 744 
R, wR2 [I>2σ(I)]a 0.0963, 0.2168 0.0796, 0.2157 0.0345, 0.0784 0.0400, 0.0868 
R, wR2 (all data)a 0.1161, 0.2266 0.0879, 0.2307 0.0424, 0.0838 0.0668, 0.0958 
GOF, Sb 1.208 1.047 1.047 1.031 
 
 [Ag4F(42)2](OTf)3   [Ag5F(24)2](OTf)4 
Formula C99H66Ag4F10N12O12S3 C86H54Ag5F13N12O15.5S4 
Mr 2333.29 2418.00 
T (K) 150(10) 150(10) 
Crystal system Trigonal Monoclinic 
Space group P3221 P21/n 
a (Å) 21.0986(6) 16.2257(4) 
b (Å) 21.0986(6) 27.2171(7) 
c (Å) 19.5901(5) 22.3456(5) 
α (°) 90 90 
β (°) 90 103.578(5) 
γ (°) 120 90 
Volume (Å3) 7552.2(5) 9868.1(4) 
Z 3 4 
Dc (g/cm3) 1.539 1.628 
 (mm–1) 0.912 1.150 
Reflections collected 26769 88360 
Reflections unique (Rint) 11486 (0.0250) 22594 (0.0732) 
Parameters 682 1203 
R, wR2 [I>2σ(I)]a 0.0398, 0.1109 0.1637, 0.4705 
R, wR2 (all data)a 0.0495, 0.1194 0.1812, 0.4851 
GOF, Sb 1.102 1.962 
a R = ∑||Fo| – |Fc||/∑|Fo|, wR2 = {∑[w(Fo2 – Fc2)2]/∑[w(Fo2)2]}1/2. b S = {∑[(Fo2 – Fc2)2]/(n/p}1/2, where n is the 
number of reflections and p is the total number of parameters refined.    




7. General Conclusions 
In this thesis, we have developed a ruthenium-catalyzed C–H bond poly(hetero)arylation in 
water under microwave irradiation which opens a new synthetic approach towards polydentate 
ligands. The generality of this novel methodology was evaluated in multiple-C–H activation 
reactions involving different (hetero)aryl halides and N-(heteroaryl)benzenes. Newly prepared 
polydentate ligands were further used in the coordination to transition metals (Ru, Pd, Pt and 
Ag). 
In chapter three, we have described the novel and efficient (hetero)arylation of ortho-C–H 
bonds of 2-arylpyrimidines in the presence of Ru(II)-carboxylate. The reaction proceeded in 
shorter time, when they were pereformed in water under microwave irradiation. This fast 
synthetic approach provides a wide range of polyconjugated pyrimidines. The method is not 
limited with the electronic nature of the substituents on the para-position of aryl bromides. In 
all cases, we achieved good isolated yields 72–92%. When meta-substituted 2-
phenylpyrimidines were used in the C–H bond arylation reaction in most cases the 
monoarylated products 2 were formed (45–83% isolated yields), due to the steric effect of the 
substituent on the benzene ring of substituted 2-phenylpyrimidines. A slightly higher 
percentage of diarylated products were achieved when 4-bromoacetophenone was used as a 
coupling partner. Only when 2-(3-fluorophenyl)pyrimidine (1e) was coupled with 2-
bromotoluen, selectively diarylated product 3l was obtained with 69% isolated yield. The C–H 
bond functionalisation with heteroaryl halides preferentially led to diheteroarylated products 
with 23-88% isolated yields. The lower conversion and yields were obtained when 2-
bromopyrimidine, 5-bromopyrimidine and 2-chloropyrazine were used, due to their hydrolysis 
with water. The Hammett correlation study suggests that the rate-determining step is the 
reductive elimination step after the oxidative addition of Ar-X. On the other hand, substituents 
on the meta-position on the benzene ring of 2-phenylpyrimidine have a major role in the 
arylation process. 
In chapter four, we expanded the microwave promoted method on the iterative C–H bond 
heteroarylation of benzenes bearing the N-heterocyclic system (pyridine, pyrimidine or 
pyrazole) with different N-heteroaryl bromides. With this highly selective penta-
heteroarylation method, a series of hexa(heteroaryl)benzenes were achieved. This confirmed 
our hypothesis that iterative C–H bond heteroarylation lead to hexa(heteroaryl)benzene in one 
step. The reaction with a different substituted 2-bromopyridine proceeded quantitatively with 
63–92% isolated yield except with 3-methyl-2-bromopyridine. The methyl group on pyridine 
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prevents the system to occupy the planar conformation, which is required for the formation of 
ruthenacyles. In this case, we obtained only diheteroarylated products 7c and 28 with 88 and 
70% isolated yields. The method was also used in the tetra-C–H bond heteroarylation of 1,4-
di(pyrimidine-2-yl)benzene (33) with different substituted 2-bromopyridines, which led to 
hexa(heteroaryl)benzenes 34–39 with 28–93% isolated yields. The same quantitative 
conversions were obtained in the tri-C–H bond heteroarylation of 1,3,5-tri(pyridin-2-
yl)benzene with 52–96% isolated yields. Interestingly, when 2-bromo-3-methylpyridine was 
used as an arylation agent, we were able to isolate two different rotamers 44a and 44b, which 
isomerised at 360 K. With the C–H bond heteroarylation of different multi substituted (2-
pyridyl)benzenes we confirmed that poly(heteroarylation) proceed via the sequential activation 
of the C–H bond 
In chapter five, we have presented the development of a novel synthetic pathway toward 
poly(heteroaryl)pyrimidin-2-ones starting from 2-bromopyridines. This type of transformation 
has not been previously reported and presents an interesting approach in the pyridone synthesis. 
We optimised reaction conditions, which showed that the synergy between KOPiv and Na2CO3 
is crucial for the reaction transformation. The scope of the pyridin-2-one formation indicates 
that the electron-withdrawing groups enable the transformation, but with low isolated yields 
(15–83%). On the other hand, electron-donating groups did not lead to the desired products, 
which disproved our hypothesis. Pleasingly, the fully (hetero)arylated pyridine-2-one 48 (64% 
isolated yields) was obtained directly from 2-bromopyridine. Based on preliminary mechanistic 
study and the reaction with 18O isotopic labelled Na2CO3, we proposed the mechanism of the 
pyridine-2-one formation and confirmed hypothesis that oxygen needed for the pyridone 
formation comes from pivalate, which is regenerated with free carbonated during the catalytic 
cycle.    
In chapter six, we have described the use of newly prepared N-containing polydentate ligands 
coordinating to Ru(II), Pd(II), Pt(II) and Ag(I). We prepared monometallic Ru(II) complex 54 
(86%) with ligand 7c and complex 55 (95%) with ligand 24. We coordinated two Ru(II) 56 
(56%), two Pd(II) 57 (91%) and two Pt(II) 58 (75%) on ligand 24. On the other hand, complex 
with one Ru(II) 55 enable the preparation of mixed Ru(II)-Pd(II) 59 (90%) and Ru(II)-Pt(II) 60 
(66%) complexes. The bimetallic complexes could be used as potential polyfunctional catalysts. 
Our study revealed that only two metal ions could be coordinated on one ligand, which 
disproved our hypothesis that our ligand 24 can coordinate up to six transition metal ions. The 
reason probably lies in the orientation of the nitrogen atom, which led to the structure motif in 




which the metal is coordinated in geometry which prevents the coordination of another metal 
on the same side of the central benzene ring. On the other hand, Ag(I) ions coordinate between 
two hexa(pyridyl)benzene ligands to form novel sandwich-shaped tetra- and pentanuclear 
complexes with a F- ion between Ag(I) ions. In this case, the Ag(I) tetragonal coordination 
sphere and the argentofilic interaction facilitate the formation of multinuclear complexes.   





8. Slovenian Abstract 





V prvem delu smo razvili učinkovito metodo (hetero)ariliranja orto-C–H vezi na benzenovem 
obroču 2-arilpirimidina. Z Ru(II)–karboksilatom katalizirane reakcije s (hetero)aril bromidi 
smo izvajali v vodi pod pogoji mikrovalovnega segrevanja. Na ta način smo po načelih zelene 
kemije in z visoko regioselektivnostjo pripravili serijo polikonjugiranih pirimidinov. 
Mehanistične študije na podlagi Hammettove korelacije nakazujejo, da elektronprivlačne 
skupine na pirimidinskem substratu pospešujejo ariliranje, medtem ko skupine na aril bromidih, 
tako elektronprivlačne kakor tudi elektrondonorske, zagotavljajo hitrejše reakcije. Prikazali 
smo tudi koordinacijske lastnosti heteroaril-pirimidinov pri koordinaciji rutenija(II).      
V drugem delu smo pripravili serijo heksa(heteroaril)benzenov z uporabo Ru(II)-
karboksilatnega katalitskega sistema. Reakcije večkratne C–H aktivacije z N-heteroaril bromidi 
so potekale regioselektivno na benzenovih obročih, ki so vsebovali piridilnske, pirimidilnske 
ali pirazolnske usmerjajoče skupine. Reakcije smo izvajali v vodi pod pogoji mikrovalovnega 
segrevanja. Zaporedno penta-ariliranje poteka preko sekvenčne aktivacije C–H vezi, kjer vsaka 
nova uvedena skupina usmerja nadaljnjo C–H aktivacijo.  
V tretjem delu smo raziskovali nastanek N-piridilpiridin-2-onov iz različno substituiranih 2-
bromopiridinov. Preliminarne študije potrjujejo, da je za nastanek piridona ključna sinergija 
Ru(II) katalizatorja, kalijevega pivalata in Na2CO3. Rezultati eksperimentov z izotopsko 
označenim kisikom nakazujejo, da kisik pri tvorbi piridona najverjetneje pride iz pivalata, ki se 
tekom katalitskega cikla regenerira s karbonatom.     
V četrtem delu smo pripravljene polidentatne ligande uporabili v koordinaciji izbranih kovin 
prehoda (Ru, Pd, Pt and Ag). Na ta način smo pripravili nove bidentatne Ru(II) komplekse s 
sedemčlenskim kelatnim obročem z eno ali dvema koordiniranima kovinama. Metodo 
koordinacije dveh kovin smo nato aplicirali še na Pd(II) in Pt(II), kakor tudi za pripravo mešanih 
Ru(II)-Pd(II) in Ru(II)-Pt(II) kompleksov. S koordinacijo Ag(I) ionov na polidentate smo 
pripravili štiri- in petjederne komplekse, kjer so Ag(I) ioni med dvema ligandoma. Na sredini 
kompleksa je F- ion, ki je koordiniran na štiri Ag(I) ione.  
Ključne besede: rutenij, voda, heksa(hetero)arilbenzeni, piridoni, mikrovalovi, kompleksi 
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8.1 Z mikrovalovi pospešeno (hetero)ariliranje orto-C–H vezi arilpirimidinov 
Spojine s pirimidinskim motivom so ene izmed pomembnejših tipov struktur, predvsem zaradi 
njihove biološke in farmacevtske aktivnosti. Po drugi strani pa lahko sodelujejo kot ligandi v 
katalitskih pretvorbah in pripravi koordinacijskih spojin. Nekatere izmed njih imajo velik 
pomen v sintezi in pripravi funkcionalnih materialov.102–106 Še posebno so zanimivi arilirani π-
konjugirani pirimidini. Prav zaradi vseh teh lastnosti substituiranih pirimidinov je izrednega 
pomena razvoj novih hitrih in bolj učinkovitih metod za njihovo sintezo. Večina primerov 
ariliranja orto C–H vezi je samo del študije različnih substratov. Požgan je s sodelavci pokazal 
en primer funkcionalizacije C–H vezi na fenilpirimidinskem sistemu v prisotnosti Ru(II) 
katalizatorja in PCCA. Reakcija je v 1,4-dioksanu pri 150 °C potekla v 2 urah.53 (Shema 1).  
 
Shema 1: Primer z Ru(II) kataliziranega ariliranja C–H vezi fenilpirimidina. 
Poleg Ru(II) katalizatorjev so uporabili tudi Ru(III),109  Rh(I)107,112 ter Rh(III)109 in Ir(III)113 
katalizatorje. V zadnjem času se vse bolj uveljavljajo Co(II) in Mn(II) katalizatorji.114 Ne glede 
na vse, večina naštetih metod zahteva uporabo stehiometrijskih količin oksidanta, reakcije pa 
se izvajajo v topilih z visokim vreliščem. Prav tako so za ariliranje potrebni dragi Rh 
katalizatorji in reaktivni Grignardovi reagenti. 
Zaradi tega smo se odločili razviti metodo direktnega (hetero)ariliranja orto C–H vezi 
fenilpirimidinov pod pogoji mikrovalovnega segrevanja, ki je v literaturi slabo opisana. Kot 
modelno reakcijo za optimizacijo reakcijskih pogojev smo izbrali reakcijo med 2-
fenilprimidinom in 4-bromotoluenom. S testiranjem različnih karboksilatov (KOPiv, PCCA, 
MesCO2H, N-acilGly, AdCO2H) in različnih topil (H2O, NMP, toluen in 1,4-dioksan) smo 
določili pogoje, pri katerih je konverzija in selektivnost nastanka di-orto-ariliranega produkta 
največja. Kot optimalni katalitski sistem se je izkazal [RuCl2(p-cimen)]2 z dodatkom PCCA kot 
kokatalizatorja, PPh3 kot liganda in Na2CO3 kot baze. Za reakcijski medij se je najbolje izkazala 
voda pri temperaturi 180 °C pod pogoji mikrovalovnega segrevanja. 




Tabela 1: Orto-C–H funkcionalizacija 1a z različnimi aril halide 5. 
aReakcijski pogoji: 1a (0.25 mmol), aril halid (0.625 mmol), [RuCl2(p-cimen)]2 (0.0125 mmol), Na2CO3 (0.75 
mmol), H2O (1 mL), argon. bKonverzija in razmerje določena z 1H NMR spektroskopijo surove zmesi. cIzkoristek 
izoliranega produkta.  MW = segrevanje z mikrovalovi 
Z optimiziranimi reakcijskimi pogoji smo z naborom substratov testirali splošnost metode. 
Vse reakcije, pri katerih smo uporabili aril bromide, so potekle kvantitativno z dobrimi 
izkoristki (Tabela 1). Le v primeru uporabe 4-bromo-N,N-dimetilanilina je bil izkoristek 
izolacije produkta nekoliko nižji (41 %), (Tabela 1, primer 8). Vzrok gre pripisati stranskemu 
produktu Ph3PO, ki ga ni bilo mogoče odstraniti od produkta z radialno kromatografijo, temveč 
je bila potrebna dodatna kislinsko-bazna ekstrakcija. Prav tako smo slabše konverzije dobili v 
primeru uporabe aril kloridov (Tabela 1, vnosi 2, 4 in 7), kar nakazuje na to, da le-ti niso dovolj 
reaktivni za takšen tip reakcije. Pri uporabi večine aril halidov smo poleg diariliranega produkta 
v 1H NMR spektru surove reakcijske zmesi zasledili tudi stranski produkt 4, ki pa je  prisoten 
v zelo majhnih količinah in ga je bilo mogoče določiti zgolj z 1H NMR spektroskopijo in 
HRMS.  Nabor substratov smo razširili še na 2-fenilpirimidine, substituirane na C-3 položaju 
benzenovega obroča (Tabela 2). V večini primerov je večinsko nastal monoariliran produkt 2 z 
visokimi izkoristki. Presenetljivo je v primeru fenilpirimidina 1e, ki ima na mestu 3 
benzenovega obroča fluorov atom, nastal samo diariliran produkt 3l.     
Primer R X Konv.b (%) 2/3/4b Izk. 3 (%)c 
1 Me (5a) Br 100 0/90/10 3a; (86%) 
2 Me (5a’) Cl 97 39/56/5 / 
3 H (5b) Br 100 0/93/7 3b; (85%) 
4 H (5b’) Cl 50 82/18/0 / 
5 t-Bu (5c) Br 100 0/85/15 3c; (72%) 
6 OMe (5d) Br 100 0/100/0 3d; (92%) 
7 OMe (5d’) Cl 99 28/66/6 / 
8 NMe2 (5e) Br 100 0/92/8 3e; (41%) 
9 F (5f) Br 100 0/93/7 3f; (87%) 
10 CF3 (5g) Br 100 0/100/0 3g; (81%) 
11 COMe (5h) Br 100 0/93/7 3h; (86%) 
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Tabela 2: Orto-C–H funkcionalizacija 2-arilprimidinov 1b–f z različnimi aril bromidi 5. 
 
aReakcijski pogoji: 1a (0.25 mmol), aril halid (0.625 mmol), [RuCl2(p-cimen)]2 (0.0125 mmol), Na2CO3 (0.75 
mmol), H2O (1 mL), argon. bKonverzija in razmerje določena z 1H NMR spektroskopijo surove zmesi. cIzkoristek 
izoliranega produkta.   MW = segrevanje z mikrovalovi 
Z uporabo sekvenčne reakcije smo uspeli pripraviti mešani diariliran produkt 3u. 
Fenilpirimidin 1b smo z bromobenzenom arilirali na sterično manj oviranem mestu. Nakar smo 
direktno v reakcijsko zmes še enkrat dodali Ru(II)/PCCA/PPh3 in 4-bromoacetofenon ter tako 
intermediat 2n arilirali še na sterično bolj oviranem mestu. Na ta način smo dobili želeni 
produkt 3u s 65-odstotnim izkoristkom (Shema 2). 
   
Shema 2: Sekvenčna sinteza mešanega diariliranega fenilpirimidina 3u. 
 
Primer R1 R2 Konv.b (%) 2/3 b Izk. 2 (%)c Izk. 3 (%)c 
1 Me (1b) Me 100 91/9 2i; (59%)  / 
2 CF3 (1c) Me 100 100/0 2j; (51%) / 
3 OMe (1d) Me 100 65/35 2k; (58%) 3k; (25%) 
4 F (1e) Me 100 0/100 / 3l; (69%) 
5 Cl (1f) Me 100 50/50 2m; (45%) 3m; (40%) 
6 Me (1b) H 98 90/10 2n; (82%) / 
7 Me (1b) OMe 100 88/12 2o; (76%) / 
8 Me (1b) NMe2 100 85/15 2p; (70%) / 
9 Me (1b) F 98 95/5 2r; (80%) / 
10 Me (1b) CF3 100 90/9 2s; (83%) / 
11 Me (1b) COMe 100 34/65 2t; (30%) 3t; (53%) 
12 CF3 (1c) NMe2 100 97/3 2v; (63%) / 
13 CF3 (1c) COMe 98 70/30 2z; (59%) 3z; (22%) 





Tabela 3: Orto-C–H funkcionalizacija 1a z različnimi heteroaril halidi. 
aReakcijski pogoji: 1a (0.25 mmol), heteroaril halid (0.75 mmol), [RuCl2(p-cimen)]2 (0.0125 mmol), Na2CO3 (0.75 
mmol), H2O (1 mL), argon. bKonverzija in razmerje določena z 1H NMR spektroskopijo surove zmesi. cIzkoristek 
izoliranega produkta.  MW = segrevanje z mikrovalovi 
Primer Het-X Konv.b (%) 6/7/8 b Izk. 6 (%)c Izk. 7 (%)c Izk. 8 (%)c 
1 
 
90 65/35/0 6a; (34%) 7a; (23%) / 
2 
 
85 60/40/0 / / / 
3 
 
100 0/95/5 / 7b; (60%) / 
4 
 
100 0/100/0 / 7c; (88%) / 
5 
 
97 0/100/0 / 7d; (45%) / 
6 
 
30 100/0/0 /  / / 
7 
 
45 95/5/0 6e; (36%) 7e; (3%) / 
8 
 
21 100/0/0 6f; (19%) / / 
9 
 
60 75/25/0 6g; (38%) / / 
10 
 
100 0/85/15 / 7h; (41%) 8h; (11%) 
11 
 
99 0/85/15 / 7i; (63%) 8i; (14%) 
12 
 
98 0/85/15 / 7j; (61%) 8j; (22%) 
13 
 
90 20/80/0 6k; (19%) 7k; (30%) / 
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V drugem delu smo se lotili heteroariliranja 2-fenilpirimidina 1a. Za optimalne so se izkazali 
enaki pogoji kot v primeru ariliranja (Ru(II)/PCCA/PPh3) v prisotnosti Na2CO3 kot baze. Tudi 
v tem primeru smo v večini primerov dobili selektivno di-hetero-arilirane produkte 7 z 
zadovoljivimi izkoristki (Tabela 3). Nekoliko slabše so se pri reakciji obnesli bromopirimidini 
in kloropirazin. Po drugi stani pa so bromotiofeni tvorili tudi dimer 8, medtem ko sta v primeru 
2-bromofurana nastala mono- in diarilirana produkta 6k in 7k. 
Študija s Hammettovo korelacijo je pokazala, da elektronakceptorske skupine na benzenovem 
obroču 2-fenilpirimidina pospešijo reakcije, saj stabilizirajo negativni naboj na obroču samem. 
Korelacija nakazuje na to, da se stopnja, ki določa hitrost reakcije, spremeni v odvisnosti od 
elektronske narave substituenta na aril halidu.  
8.2 Sinteza heksa(heteroaril)benzenov z mikrovalovi pospešeno večkratno C–H 
aktivacijo 
Veliko raziskav je bilo objavljenih o heksaarilbenzenih (HAB), predvsem zaradi njihove 
geometrije in uporabnosti na različnih področjih znanosti o materialih. Uporabni so v organski 
LED tehnologiji,133–135 pa tudi kot molekulski receptorji in kemosenzorji,136–138 redoks 
materiali,139 fotokemijska stikala,140–142 in materiali tekočih kristalov.143,144 Njihova uporabnost 
seže tudi na področje molekulskih kapsul,145 nelinearnih optičnih materialov,146 molekulskih 
žic,147 in gorivnih celic.148,149 Ena izmed najbolj prepoznavnih lastnosti HAB je njihova 
neplanarna struktura. Enostavna rotacija perifernih aromatskih sistemov glede na centralni 
benzenov obroč posnema obliko propelerja. Rentgenska strukturna analiza heksafenilbenzena 
je pokazala, da torzijski kot fenilnih skupin odstopa od pravokotnosti za ∼25° in je odvisen od 
intermolekularnih interakcij, pa tudi od vplivov topila pri sami kristalizaciji.152 
Tekom našega raziskovanja heteroariliranja fenilpirimidina smo v primeru uporabe 2-
bromopiridina opazili nastanek poli(hetero)ariliranega benzena. Takšni sistemi bi lahko zaradi 
več dušikovih atomov služili kot polidentatni ligandi. V literaturi je zelo malo primerov, ki 
poročajo o sintezi različno substituiranih heksa(piridin-2-il)benzenov. Študije priprave takšnih 
heksa(hetero)arilbenzenov smo začeli z optimizacijo modelne reakcije med 2-fenilpiridinom in 
2-bromopiridinom. Selektivno smo uspeli pripraviti heksa(piridin-2-il)benzen, kjer smo pod 
pogoji mikrovalovnega segrevanja  v vodi pri 200 °C uporabili [RuCl2(p-cimen)]2/KOPiv/PPh3 
katalitski sistem v prisotnosti Na2CO3 kot baze. Optimizirane pogoje večkratne C–H aktivacije 
smo nato preverili na benzenih, ki imajo prisotne različne usmerjajoče skupine (piridilna, 
pirimidilna in pirazolilna). V vseh primerih so selektivno nastali heksa(hetero)arilirani sistemi 
z dobrimi izkoristki (Tabela 4). Le v primeru uporabe 2-bromo-3-metilpiridina sta nastala samo 




diarilirana produkta 7c in 28. Vzrok za to gre pripisati omejeni rotaciji na novo uvedenih 3-
metilpiridinskih obročih, kar onemogoča, da bi sistem zavzel planarno konformacijo. Le-ta je 
potrebna za nastanek rutenacikličnega intermediata, ki omogoča nadaljnjo C–H aktivacijo.      
Tabela 4: Večkratna funkcionalizacija C–H vezi heteroarilbenzenov.a,b 
 
aReakcijski pogoji: 1a, 19, ali 25 (0.25 mmol), bromopiridin 26 (2 mmol), [RuCl2(p-cimen)]2 (0.025 mmol), 
Na2CO3 (2.5 mmol), KOPiv (0.1 mmol), PPh3 (0.05 mmol), H2O (1 mL), argon, MW 200 °C, 4 h. bIzkoristek 
izoliranega produkta z radialno kromatografijo. MW = segrevanje z mikrovalovni. 
V nadaljevanju smo raziskali večkratno (hetero)ariliranje C–H vezi 1,4-di(pirimidin-2-
il)benzena (33), ki ima štiri proste C–H vezi primerne za funkcionalizacijo. V primeru, kjer smo 
kot (hetero)arilni reagent uporabili 2-bromopiridin, 2-bromo-4-metilpiridin, 2-bromo-5-
metilpiridin in 2-bromokinolin, smo dobili želene heksa(hetero)arilne sisteme z dobrimi 
izkoristki (Tabela 5). Pri uporabi sterično bolj zahtevnega 2-bromo-3-metilpiridina je z 
nekoliko manjšim izkoristkom nastal produkt 39, kar nakazuje, da obe pirimidinski skupini na 
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Tabela 5: (Hetero)ariliranje C–H vezi 1,4-di(pirimidin-2-il)benzena (33).a,b 
 
aReakcijski pogoji: Bispirimidin 33 (0.25 mmol), Het-Br (1.25 mmol), [RuCl2(p-cimen)]2 (0.025 mmol), Na2CO3 
(1.25 mmol), KOPiv (0.1 mmol), PPh3 (0.05 mmol), H2O (1 mL), argon, MW 200 °C, 4 h. bIzkoristek izoliranega 
produkta z radialno kromatografijo. MW = segrevanje z mikrovalovni. 
Tabela 6: Večkratno (hetero)ariliranje C–H vezi 1,3,5-tri(piridin-2-il)benzena (40).a,b 
 
aReakcijski pogoji: Substrat 40 (0.25 mmol), Het-Br (1.25 mmol), [RuCl2(p-cimen)]2 (0.025 mmol), Na2CO3 (1.25 
mmol), KOPiv (0.1 mmol), PPh3 (0.05 mmol), H2O (1 mL), argon, MW 200 °C, 4 h. bIzkoristek izoliranega 
produkta z radialno kromatografijo. MW = segrevanje z mikrovalovni. 




Na koncu smo kot substrat uporabili še 1,3,5-tri(piridin-2-il)benzen, na katerega smo z 
večkratno aktivacijo C–H vezi uvedli tri (hetero)arilne skupine. V vseh primerih je reakcija 
potekla selektivno do nastanka heksasubstituiranega produkta z dobrimi izkoristki (52–96%). 
V primeru spojine 44 smo izolirali dva rotacijska izomera, za katera smo z molekulskim 
modeliranjem izračunali rotacijsko bariero (ΔG‡ = 34.4 kcal/mol), ki je v skladu z 
eksperimentalno določeno (ΔG‡ = 28.0 kcal/mol).  
8.3 Tvorba in heteroariliranje N-heteroarilpiridin-2-onov 
2-Piridoni predstavljajo pomemben razred dušikovih heterocikličnih spojin. Predvsem so 
bistvene njihove biološke aktivnosti pa tudi njihova uporaba kot intermediatov v sintezni 
kemiji.199–201 Zaradi teh razlogov je razvoj novih in bolj učinkovitih postopkov še toliko bolj 
pomemben. Objavljenih je bilo veliko študij na področju direktne selektivne fukcionalizacije 
2-piridonov na mestih C-3,205–207 C-4,208 in C-5.209–211 Po drugi strani ostaja funkcionalizacija 
na elektronsko revnem C-6 položaju manj raziskana. Prav tako so tudi N-arilpiridin-2-oni 
izredno pomembni zaradi kemijske reaktivnosti, fotokemijskih lastnosti in biološke 
aktivnosti.219–222 Metode njihove sinteze še vedno več ali manj temeljijo na direktni tvorbi C–
N vezi.223–226 Ena najpomembnejših sinteznih strategij je Ullmannova sinteza, ki potrebuje 
visoke temperature in stehiometrijske količine bakrovih reagentov.230   
 
Shema 3: Tvorba piridonov 45a in 46a kot stranski produkt pri (hetero)ariliranju 2-fenilpiridina (19) z 2-
bromo-3-metilpiridinom. 
Tekom naših študij na področju (hetero)ariliranja fenilpiridinov smo v primeru uporabe 2-
bromo-3-metilpiridina zasledili nastanek piridonov 45a in 46a (Shema 3). V naslednji stopnji 
smo optimizirali reakcijske pogoje in določili, kateri dodatki so potrebni za optimalen potek 
reakcije tvorbe in nadaljnje funkcionalizacije N-(hetero)arilpiridin-2-onov. Za nastanek le-teh 
je ključnega pomena sinergija med [RuCl2(p-cimen)]2 katalizatorjem, KOPiv in Na2CO3. 
Toluen je topilo, ki se je v fazi optimizacije izkazalo kot najboljše. Z optimiziranimi pogoji smo 
splošnost kemijske pretvorbe preizkusili še na naboru različnih substratov (Tabela 7). 
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Tabela 7: Študija tvorbe piridonov z različnimi substrati.a 
aReakcijski pogoji: 2-bromopiridin 26 (1 mmol), [RuCl2(p-cimen)]2 (0.05 mmol), Na2CO3 (1.25 mmol), toluen           
(1 mL), argon. bKonverzija in razmerje določena z 1H NMR spektroskopijo surove zmesi. cIzkoristek izoliranega 
produkta. 
Rezultati nakazujejo, da v večini primerov elektrondonorske skupine na piridinu onemogočajo 
nastanek piridona in s tem nadaljnjo transformacijo. Po drugi strani pa so v primerih, kjer so na 
piridinu elektronakceptroske skupine, reakcije potekle kvantitativno. Na koncu smo na podlagi 
preliminarne študije poteka reakcije predpostavili možen potek reakcije (Shema 4). V prvi 
stopnji [RuCl2(p-cimen)]2 skupaj s KOPiv in topilom tvori katalitsko reaktivno zvrst A. Ru(II) 
zvrst A se koordinira na 2-bromopiridin in s sledečo nukleofilno aromatsko substitucijo, 
najverjetneje s koordiniranim pivalatom na intermediatu B, tvori pivalat C. Prosti karbonatni 
Primer 26 Konv.b (%) 26/45/46/47 b Izk. 45 (%)c Izk. 46 (%)c Izk. 47 (%)c 
1 
 
0 100/0/0/0 / / / 
2 
 
0 100/0/0/0 / / / 
3 
 
100 0/100/0/0 45d; (57%) / / 
4 
 
0 100/0/0/0 / / / 
5 
 
96 14/0/39/57 / 46f; (15%) 47f; (32%) 
6 
 
100 0/0/100/0 / 46g; (38%) / 
7 
 
100 0/100/0/0 45h; (42%) / / 
8 
 
0 100/0/0/0 / / / 




anion v naslednji stopnji napade pivalatno karbonilno skupino, kar z eliminacijo intermediata 
F vodi v nastanek piridona D. Pivalatni se regenerira preko spontane dekarboksilacije 
intermediata F. Tvorjeni kompleks D z oksidativno adicijo 2-bromopiridina in sledečo 
reduktivno eliminacijo tvori piridon 50, ki nato vstopi v katalitski cikel C–H aktivacije in 
nadaljnje funkcionalizacije z novo molekulo 2-bromopiridina. 
 
Shema 4: Predpostavljen potek reakcije tvorbe piridonov iz 2-bromopiridinov. 
 
8.4 Kompleksiranje HHAB z izbranimi kovinami prehoda 
Razvoj in sinteza novih polipiridinskih kompleksov prehodnih kovin je izrednega pomena, saj 
imajo le-ti uporabne lastnosti. Rutenijevi polipiridinski kompleksi so uporabni v organski LED 
tehnologiji,256 kot sintetizatorji v Grätzeljevih celicah,257,258 in fotodinamični terapiji.259 Še 
posebno pa so uporabni kot katalizatorji v katalitskih fotoredoks sistemih. V splošnem je 
kovinski kompleks po fotoekscitaciji z vidno svetlobo udeležen v enoelektronskem procesu z 
organskim substratum.260,261 Uporaba paladijevih kompleksov s piridinskimi ligandi je v 
zadnjem času v porastu, saj so le-ti obstojni na zraku. To omogoča izvedbo reakcij pri povišani 
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temperaturi v aerobnih pogojih.279 Poleg katalitskih aktivnosti pa so se paladijevi kompleksi 
izkazali tudi kot potencialna zamenjava za citostatike na osnovi platine, predvsem zaradi 
njihove manjše stabilnosti in s tem hitre izmenjave liganda ter nizke toksičnosti za ledvice.280  
Kvadratnoplanarni Pt(II) d8 kompleksi so v spektroskopiji zelo zanimivi zaradi svojih 
luminescenčnih lastnosti. Zaradi Pt(II)-Pt(II) in π-π interakcij imajo takšne koordinacijske 
spojine različne barve in luminescenco.280 Alkinilplatinovi(II) terpiridini in sorodni 
ciklometalatni kompleksi imajo še druge edinstvene lastnosti, kot so samo-urejanje v 
metalogele,290–295 tekoče kristale,296,297 in druge molekulske nitaste strukture,298,299 
vijačnice,300–304 nanostrukture305–308  in molekulske pincete.309–311 Šest koordinacijskih mest 
heksa(heteroaril)benzenov omogoča pripravo supramolekularnih rotorjev s kompleksiranjem 
Ag+, Pt2+ in Hg2+ ionov med dva heksa- ali trimonodentatne ligande.145,161–163,312–317 Srebrovi 
kompleksi so zaradi raznolikosti v koordinacijski sferi, ki jo Ag(I) omogoča, izredno raziskani. 
Geometrija okoli Ag(I) lahko variira od linearnih in trigonalnih pa vse do tetragonalnih, 
kvadratno piramidalnih ter oktaedričnih, s koordinacijskim številom od 2 do 6.323Srebrovi(I) 
kompleksi z več kovinskimi centri pa lahko vsebujejo argentofilne interakcije med dvema 
kovinskima ionoma. Do argentofilnih interakcij pride, kadar je razdalja med dvema srebrovima 
jedroma manjša, kot je vsota dveh van der Waalsovih radijev (3.44 Å).318,319 Koordinacijske 
spojine s takšnimi interakcijami imajo po navadi bogate luminescenčne lastnosti.320–322 
 
Shema 5: Sinteza Ru(II) kompleksa 54. 
V zadnjem delu smo z novimi polidentatnimi ligandi pripravili različne koordinacijske spojine 
z Ru(II), Pd(II), Pt(II) in Ag(I) ioni. Ligand 7c smo koordinirali na Ru(p-cimen) ter tako 
pripravili prvi primer takšnega kompleksa 54 s sedemčlenskim kelatnim obročem (Shema 5).   





Shema 6: Uporaba liganda 24 v koordinaciji izbranih kovin prehoda. 
V nadaljevanju smo uporabili heksa(piridin-2-il)benzen (24), na katerega smo uspešno 
koordinirali enega in dva Ru(II) iona (Shema 6). Reakcija, ki smo jo izvajali v toluenu, je vodila 
do koordinacije le enega Ru(II) iona (kompleks 55), medtem ko je reakcija v MeOH omogočila 
koordinacijo dveh Ru(II) ionov (kompleks 56). Z uporabo paladijevega prekurzorja 
PdCl2(MeCN)2 smo pripravili kompleks 57 z dvema koordiniranima Pd(II). Po drugi strani pa 
je bilo potrebno za pripravo kompleksa 58 z dvema Pt(II) uporabiti kalijev tetrakloroplatinat(II), 
ki smo ga pripravili in situ z redukcijo kalijevega heksakloroplatinata(IV) s hidrazin 
dihidrokloridom v vodi. Na kompleks 55 smo koordinirali še Pd(II) (59) in Pt(II) (60) ter tako 
pripravili še mešane koordinacijske spojine, ki bi lahko bili potencialni bifunkcionalni 
katalizatorji v organskih pretvorbah. 
V zadnjem delu smo pripravili še Ag(I) komplekse z ligandoma 24 in 42. Z uporabo 1.5 ekv. 
AgOTf in 0.5 ekv. AgF smo pripravili dva kompleksa s štirimi Ag(I) ioni med dvema ligandoma 
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24 ([Ag4F(24)2](OTf)3) in 42 ([Ag4F(42)2](OTf)3) (Shema 7). V obeh primerih je na sredini 
koordinacijske spojine F- ion, ki je koordiniran na vse štiri Ag(I) ione. Z uporabo 2.5 ekv. 
AgOTf in 0.5 ekv. AgF pa smo uspešno pripravili koordinacijsko spojino [Ag5F(24)2](OTf)4 s 
petimi koordiniranimi Ag(I) med dvema ligandoma 24  (Shema 7). 
Shema 7: Priprava Ag(I) kompleksov z ligandoma 24 in 42 ter kristalna struktura [Ag4F(24)2](OTf)3. 
Da povzamemo, razvili smo metodo za selektivno (hetero)ariliranje fenilpirimidinov pod pogoji 
mikrovalovnega segrevanja. Na ta način smo pripravili serijo di(hetero)ariliranih benzenskih 
sistemov, ki so potencialni ligandi v koordinacijski kemiji. V nadaljevanju smo z uporabo 
večkratne C–H aktivacije heteroarilbenzenov pripravili različne poli(hetero)arilirane sisteme. 
Tako pripravljene ligande smo nato uporabili še pri sintezi koordinacijskih spojin z izbranimi 
kovinami prehoda (Ru, Pd, Pt in Ag) in s tem pokazali njihovo potencialno uporabo. Razvili 
smo metodo za pripravo poli(hetero)ariliranih N-(heteroaril)piridin-2-onov iz                                          
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